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The d e t e r m i n a t i o n  o f  s u l f a t e  i n  w a t e r  h a s  l o n g  p o s e d  
a n  i n t e r e s t i n g  p r o b l e m  f o r  t h e  a n a l y s t .  S e v e r a l  y e a r s  
a g o ,  work  on a  s u l f u r i c  a c i d  a e r o s o l  d e t e r m i n a t i o n  l e d  t o  
t h e  d e v e lo p m e n t  o f  a  new s u l f a t e  p r o c e d u r e ,  w h ic h  a p p e a r e d  
t o  be a p p l i c a b l e  t o  w a t e r  a n a l y s i s .  T h i s  d i s s e r t a t i o n  
c o n t a i n s  t h e  r e s u l t s  o f  a n  i n v e s t i g a t i o n  o f  t h i s  m e th o d ,  
w h ic h  i n c l u d e d  a  s t u d y  o f  t h e  p o t e n t i a l  i n t e r f e r e n c e s  
a n d  how t h e y  m ig h t  be r em o v e d ,  a n d  t h e  d e v e lo p m e n t  o f  a 
p r o c e d u r e  f o r  d e t e r m i n i n g  s u l f a t e  i n  d r i n k i n g  a n d  n a t u r a l  
w a t e r s .
The a c t u a l  p r o c e d u r e  u t i l i z e d  t h r e e  d i s t i n c t ,  s e p a r a t e  
s u l f a t e  r e a c t i o n s :  a  p r e c i p i t a t i o n  r e a c t i o n ,  a  p y r o l y s i s  
r e a c t i o n ,  a n d  a  c o l o r i m e t r i c  r e a c t i o n .  The sa m p le  was 
f i r s t  t r e a t e d  t o  remove a n y  p o t e n t i a l  i n t e r f e r e n c e s .
C a t i o n s  were  rem o ved  w i t h  a n  i o n - e x c h a n g e  c o lu m n ,  w h i l e  
a n i o n s  s u c h  a s  c a r b o n a t e  a n d  b i c a r b o n a t e  were  rem oved  
w i t h  a  h y d r o c h l o r i c  a c i d  t r e a t m e n t .
F o l l o w i n g  t h i s  t r e a t m e n t ,  t h e  s u l f a t e  a s  w e l l  a s  a ny  
r e m a i n i n g  a n i o n s  w ere  p r e c i p i t a t e d  a s  t h e i r  2 - p e r i m i d i n y l -  
ammonium s a l t s  u s i n g  2 - p e r i m id i n y l a m m o n iu m  b ro m id e  a s  t h e  
p r e c i p i t a n t .  T hese  s a l t s  w e re  t h e n  p l a c e d  i n  a 500°  
n i t r o g e n - p u r g e d  o v e n ,  w he re  t h e  2 - p e r im id in y la m m o n iu m  
s u l f a t e  t h e r m a l l y  decom posed  t o  fo rm  s u l f u r  d i o x i d e .  The 
s u l f u r  d i o x i d e  was t h e n  t r a p p e d  a n d  d e t e r m i n e d  a c c o r d i n g
ix
t o  t h e  W es t -G aeke  c o l o r i m e t r i c  p r o c e d u r e .
S u l f a t e  c a l i b r a t i o n  c u r v e s  were  p r e p a r e d  a c c o r d i n g  
t o  t h e  same p r o c e d u r e  u s i n g  so d ium  s u l f a t e  s t a n d a r d s .
The w o r k in g  r a n g e  f o r  t h e  m e th o d  i s  0 - 1 2 0  ppm, a l t h o u g h  
l a r g e r  c o n c e n t r a t i o n s  c a n  be  d e t e r m i n e d  b y  u s i n g  a  s m a l l e r  
i n i t i a l  s a m p le  s i z e  (<10 m l ) .  F o r  s a m p l e s  c o n t a i n i n g  
0 - 1 0  ppm, t h e  i n i t i a l  s a m p le  s i z e  was m a i n t a i n e d  a t  10 m l ,  
b u t  t h e  p y r o l y s i s  a l i q u o t  was i n c r e a s e d  f ro m  100 p. 1 t o  
200 |_l 1 t o  o b t a i n  more r e l i a b l e  r e s u l t s .  The m e th o d  h a s  a 
s e n s i t i v i t y  o f  1 . 8  ppm s u l f a t e  w i t h  a  r e l a t i v e  s t a n d a r d  
d e v i a t i o n  o f  ± 2 . 0 $  a t  t h e  100 ppm s u l f a t e  l e v e l .
A s e t  o f  a c t u a l  w a t e r  s a m p l e s  was o b t a i n e d  a n d  a n a l y z e d  
a c c o r d i n g  t o  s e v e r a l  d i f f e r e n t  p r o c e d u r e s  a n d  t h e  r e s u l t s  
were  c o m p a re d .  A s e c o n d  s e t  o f  w a t e r  s a m p le s  was a n a l y z e d  






Man i s  a  c u r i o u s  b e a s t .  Down t h r o u g h  t h e  a g e s ,  he h a s  
c o n t i n u a l l y  a s k e d  q u e s t i o n s  c o n c e r n i n g  t h e  n a t u r e  o f  t h e  
w o r l d  a r o u n d  h im .  Why d o e s  t h e  s u n  move a c r o s s  t h e  s k y ?  
What makes p l a n t s  g row ?  How do c l o u d s  fo rm ?
H is  s e a r c h  f o r  a n s w e r s  l e d  man t o  a s k  new q u e s t i o n s .
As h i s  k n o w led ge  i n c r e a s e d ,  so  d i d  t h e  num ber  a n d  d e p t h  
o f  h i s  q u e s t i o n s .  How many p l a n e t s  b e s i d e s  E a r t h ,  r e v o l v e  
a r o u n d  t h e  s u n ?  Why a r e  some r o s e s  r e d  w h i l e  o t h e r s  a r e  
y e l l o w ?  What i s  t h e  d i f f e r e n c e  b e tw e e n  h e m a t i t e  and  
m a g n e t i t e ?
E a r l y  c h e m i s t s  a s k e d  q u e s t i o n s  t o o  - -  q u e s t i o n s  c o n ­
c e r n i n g  t h e  n a t u r e  o f  t h e i r  w o r l d .  I n  t h e i r  s e a r c h  f o r  
t h e  a n s w e r s ,  t h e y  s t u d i e d  t h e  a i r ,  t h e  w a t e r ,  t h e  s o i l ,  
t h e  r o c k s  - -  a l l  a s p e c t s  o f  t h e i r  e n v i r o n m e n t .  They  
w a n t e d  t o  know n o t  o n l y  w h ic h  e l e m e n t s  w e re  p r e s e n t ,  b u t  
a l s o  how much o f  e a c h  e l e m e n t  was p r e s e n t .  As t h e y  b e g a n  
t o  a c c u m u l a t e  a n d  com pare  d a t a ,  t h e y  f o u n d  t h a t  c e r t a i n  
e l e m e n t s  o r  compounds were  a lw a y s  p r e s e n t  i n  t h e  s o i l s ,  
w a t e r s  and  v a r i o u s  t y p e s  o f  r o c k s  t h a t  t h e y  s t u d i e d .
I n d u s t r i a l i z a t i o n  s l o w l y  b e g a n  t o  b r i n g  a b o u t  a  c h an ge  
i n  t h e s e  c o m p o s i t i o n s .  When i t  became c l e a r  t h a t  t h e  
h e a l t h  an d  s a f e t y  o f  m ank in d  c o u l d  be e n d a n g e r e d ,  g o v e rn m e n t  
a g e n c i e s  a n d  r e s p o n s i b l e  o r g a n i z a t i o n s  d e v e l o p e d  g u i d e l i n e s  
a n d  s t a n d a r d s  t o  i n s u r e  t h e  q u a l i t y  o f  o u r  e n v i r o n m e n t ,
3
i n  p a r t i c u l a r ,  t h e  q u a l i t y  o f  o u r  w a t e r  a n d  o f  o u r  a i r .
One s u c h  s e t  o f  s t a n d a r d s  was p r e p a r e d  f o r  d r i n k i n g  
w a t e r s  by  t h e  U. S .  P u b l i c  H e a l t h  S e r v i c e .  As T a b l e  1 
show s ,  many e l e m e n t s  may be p r e s e n t  i n  d r i n k i n g  w a t e r s ,  
b u t  o n l y  w i t h i n  o r  u n d e r  s p e c i f i e d  c o n c e n t r a t i o n  l i m i t s .
I f  a n y  w a t e r  s u p p l y  c o n t a i n s  more t h a n  t h e  a l l o w a b l e  
c o n c e n t r a t i o n  o f  a  g i v e n  c o m p o n e n t ,  t h a t  w a t e r  s h o u l d  n o t  
be u s e d  f o r  d r i n k i n g  w a t e r .
Such s t a n d a r d s  i n v a r i a b l y  mean t h a t  i n  w a t e r  a nd  
a n a l y t i c a l  l a b o r a t o r i e s  t h r o u g h o u t  t h e  n a t i o n ,  w a t e r  
s a m p le s  m u s t  r o u t i n e l y  be a n a l y z e d  f o r  e a c h  o f  t h e s e  
c o m p o n e n t s .  Thus i t  i s  d e s i r a b l e  t o  have  a n a l y t i c a l  
p r o c e d u r e s  w h ic h  a r e  f a s t ,  e a s y  t o  o p e r a t e ,  i n e x p e n s i v e ,  
s e n s i t i v e ,  f r e e  o f  i n t e r f e r e n c e s ,  a c c u r a t e ,  a n d  r e l i a b l e .  
A l t h o u g h  i t  i s  d i f f i c u l t  t o  f i n d  m e th o d s  w h ic h  m ee t  a l l  
o f  t h e  a b ov e  c r i t e r i a ,  m o s t  m e th o d s  m ee t  one o r  more o f  th em ,  
o f t e n  s a c r i f i c i n g  s p e e d  o r  e x p e n s e  f o r  a c c u r a c y  and  
r e l i a b i l i t y .
S u l f a t e  i s  among t h o s e  d r i n k i n g  w a t e r  c o m p o n e n ts  
w h ic h  i s  r o u t i n e l y  d e t e r m i n e d .  C u r r e n t  m e th o d s  i n c l u d e  
t h e  t i m e - h o n o r e d  g r a v i m e t r i c  p r o c e d u r e ,  t h e  t u r b i d i m e t r i c  
p r o c e d u r e  a n d  s e v e r a l  c o l o r i m e t r i c  p r o c e d u r e s .  The 
g r a v i m e t r i c  p r o c e d u r e  i s  t h e  m os t  a c c u r a t e  a n d  p r e c i s e  o f  
t h e  m e t h o d s ,  b u t  i t  i s  a l s o  t h e  m os t  t i m e - c o n s u m i n g .  The 
t u r b i d i m e t r i c  p r o c e d u r e  i s  f a s t ,  b u t  l a c k s  p r e c i s i o n  and  
a c c u r a c y .  The c o l o r i m e t r i c  m e th o d s  a r e  s u b j e c t  t o  i n t e r -
TABLE 1
U .S .  PUBLIC HEALTH SERVICE DRINKING WATER STANDARDS1
1962
_ . Maximum A l l o w a b l e
P a r a m e t e r  C o n c e n t r a t i o n  ( m g / l )
A r s e n i c  0 .0 1
Bar ium  1 . 0
Cadmium 0 .0 1
C h l o r i d e  250
Chromium (V I)  0 . 0 5
C o p p e r  1
C y a n id e  0 .0 1
F l u o r i d e  0 . 7 - 1 * 2
I r o n  0 . 3
L ead  0 . 0 5
M anganese  0 . 0 5
N i t r a t e
P h e n o l s  0 .0 0 1
S e l e n i u m  0 .0 1
S i l v e r  0 . 0 5
S u l f a t e  250
T o t a l  D i s s o l v e d  S o l i d s  500
Z in c  5
5
f e r e n c e s  a n d  o f t e n  r e q u i r e  t h e  u s e  o f  e x p e n s i v e  r e a g e n t s  
o r  e q u i p m e n t .
R e c e n t l y ,  a  new s u l f a t e  m e th o d  was i n t r o d u c e d ,  w h ic h  
a p p e a r e d  p r o m i s i n g  f o r  u s e  i n  w a t e r  a n a l y s i s .  U t i l i z i n g  
t h i s  m e th o d ,  a  new a n a l y t i c a l  p r o c e d u r e  f o r  d e t e r m i n i n g  
s u l f a t e  i n  w a t e r  h a s  b e e n  d e v e l o p e d  a n d  i s  t h e  s u b j e c t  o f  
t h i s  d i s s e r t a t i o n .  The m eth o d  u t i l i z e d  s e v e r a l  s e p a r a t e  
s t e p s  o r  r e a c t i o n s  t o  a c h i e v e  t h e  a c c u r a c y ,  p r e c i s i o n ,  
s p e c i f i c i t y  a n d  s e n s i t i v i t y  d e s i r e d .  The a c t u a l  d e v e l o p m e n t ,  
i n c l u d i n g  a  d e t a i l e d  i n t e r f e r e n c e  s t u d y ,  a n d  a n  e v a l u a t i o n  
o f  t h i s  m e th o d  a s  i t  a p p l i e s  t o  w a t e r  s a m p l e s ,  have  b e e n  
i n c l u d e d  a n d  w i l l  be  d i s c u s s e d  i n  d e t a i l  i n  t h e  f o l l o w i n g  
c h a p t e r s .
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A. G r a v i m e t r i c  M ethods
The g r a v i m e t r i c  d e t e r m i n a t i o n  o f  s u l f a t e  a s  b a r i u m  
s u l f a t e  i s  t h e  m o s t  w i d e l y  known s u l f a t e  m e th o d .  " S t a n d a r d  
M ethods  f o r  t h e  E x a m i n a t i o n  o f  W a te r  a n d  W a s t e w a t e r " ,  
p u b l i s h e d  by  t h e  A m e r ic a n  P u b l i c  H e a l t h  A s s o c i a t i o n ,  t h e  
A m e r ic a n  W a te r  Works A s s o c i a t i o n ,  a n d  t h e  W a te r  P o l l u t i o n  
C o n t r o l  F e d e r a t i o n ,  c o n s i d e r s  t h i s  m eth o d  t o  be t h e  m o s t
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a c c u r a t e  m e th o d  f o r  s u l f a t e  c o n c e n t r a t i o n s  above  10 m g / l .
F o r  t h i s  r e a s o n  t h e  g r a v i m e t r i c  m e th o d  h a s  b e e n  r e c o g n i z e d
b y  " S t a n d a r d  M e th o d s"  a n d  by  t h e  A m e r ic an  S o c i e t y  f o r
2
T e s t i n g  a n d  M a t e r i a l s  a s  t h e  p r e f e r r e d  m e th o d  o r  t h e  
s t a n d a r d  r e f e r e n c e  m e th o d .  A l t h o u g h  r e c o g n i z e d  a s  t h e  m os t  
a c c u r a t e ,  t h e  g r a v i m e t r i c  m e th o d  i s  a l s o  t h e  m o s t  t i m e -  
c o n su m in g  .
The g e n e r a l  p r i n c i p l e s  a n d  r e a c t i o n s  i n v o l v e d  i n  t h e  
m eth o d  a r e  r e l a t i v e l y  s t r a i g h t  f o r w a r d .  A sa m p le  s o l u t i o n  
c o n t a i n i n g  s u l f a t e  i s  a c i d i f i e d  w i t h  h y d r o c h l o r i c  a c i d  a nd  
i s  h e a t e d  t o  b o i l i n g .  A d i l u t e  s o l u t i o n  o f  b a r i u m  c h l o r i d e  
i s  s l o w l y  a d d e d  t o  t h e  s a m p le  w i t h  g e n t l e  s t i r r i n g  u n t i l  
t h e  p r e c i p i t a t i o n  o f  b a r i u m  s u l f a t e  a p p e a r s  c o m p l e t e .  A 
s l i g h t  e x c e s s  o f  b a r i u m  c h l o r i d e  i s  a d d e d  and  t h e  s a m p le  
i s  d i g e s t e d  a t  8 0 - 9 0 °  f o r  a  s u i t a b l e  p e r i o d  o f  t i m e .  The 
p r e c i p i t a t e  i s  f i l t e r e d  a nd  w a sh e d  f r e e  o f  c h l o r i d e  w i t h  
d i s t i l l e d  w a t e r .  At t h i s  p o i n t  t h e  p r e c i p i t a t e  i s  e i t h e r  
i g n i t e d  a t  8 0 0 °  f o r  one h o u r  o r  d r i e d  i n  a n  oven  a t  1 0 5 ° .
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A f t e r  b e i n g  c o o l e d  i n  a  d e s i c c a t o r ,  t h e  p r e c i p i t a t e  i s  
w e ig h e d  a s  b a r i u m  s u l f a t e  a n d  t h e  s u l f a t e  c o n c e n t r a t i o n  i s  
c a l c u l a t e d .
The g r a v i m e t r i c  m e th o d  i s  n o t  w i t h o u t  s o u r c e s  o f  e r r o r  
o r  i n t e r f e r e n c e s .  By u n d e r s t a n d i n g  t h e s e  e r r o r s  a n d  by 
c a r e f u l l y  a d h e r i n g  t o  t h e  p r o c e d u r e  o u t l i n e d  i n  " S t a n d a r d  
M e th o d s " ,  an a n a l y s t  c a n  c o r r e c t  f o r  o r  m in i m iz e  t h e  e r r o r s .
S e v e r a l  p o s s i b l e  s o u r c e s  o f  e r r o r  e x i s t  w i t h i n  t h e  
p r o c e d u r e  i t s e l f .  The u s e  o f  a  h y d r o c h l o r i c  a c i d  medium 
i s  n e c e s s a r y  t o  p r e v e n t  t h e  p r e c i p i t a t i o n  o f  o t h e r  i n s o l u b l e  
b a r i u m  s a l t s ,  s u c h  a s  b a r i u m  h y d r o x i d e ,  b a r i u m  c a r b o n a t e ,  
an d  b a r i u m  p h o s p h a t e .  The p r e s e n c e  o f  t h e  a c i d  a l s o  
p r o m o t e s  t h e  f o r m a t i o n  o f  a  c o a r s e ,  e a s i l y  f i l t e r a b l e  
p r e c i p i t a t e .  However t h e  am oun t  o f  h y d r o c h l o r i c  a c i d  
w h ic h  c a n  be a d d e d  i s  l i m i t e d  by t h e  s o l u b i l i t y  o f  b a r i u m  
s u l f a t e  i n  an  a c i d i c  medium. As t h e  c o n c e n t r a t i o n  o f  
h y d r o c h l o r i c  a c i d  i n c r e a s e s ,  so  d o e s  t h e  s o l u b i l i t y  o f  
b a r i u m  s u l f a t e .  Hence t o o  much a c i d  w i l l  r e s u l t  i n  t h e  
l o s s  o f  p r e c i p i t a t e  a n d  low  s u l f a t e  c o n c e n t r a t i o n s  w i l l  be 
o b t a i n e d .  A h y d r o c h l o r i c  a c i d  c o n c e n t r a t i o n  o f  a p p r o x i m a t e ­
l y  0.05M h a s  b e e n  f o u n d  t o  be t h e  m o s t  s u i t a b l e .
The i g n i t i o n  s t e p  o f  t h e  p r o c e d u r e  c a n  be a  s o u r c e  o f  
e r r o r ,  p a r t i c u l a r l y  i f  t h e  f i l t r a t i o n  i s  c a r r i e d  o u t  u s i n g  
f i l t e r  p a p e r .  B e f o r e  i g n i t i o n  a t  8 0 0 ° ,  t h e  f i l t e r  p a p e r  
i s  d r i e d  and  c h a r r e d  a t  a  l o w e r  t e m p e r a t u r e ;  a n d  a n y  r e m a i n ­
i n g  c a r b o n  i s  b u r n e d  o f f  a t  a  h i g h e r  t e m p e r a t u r e  w i t h  an
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e x c e s s  o f  a i r .  I f  t h e  c a r b o n  i s  n o t  p r o p e r l y  b u r n e d  o f f ,  
t h e  b a r i u m  s u l f a t e  w i l l  be r e d u c e d  t o  b a r i u m  s u l f i d e  an d  
t h e  r e s u l t s  o b t a i n e d  w i l l  be low .
The p r e s e n c e  o f  s u s p e n d e d  m a t t e r  a n d  s i l i c a  i n  a  w a t e r  
s a m p le  l e a d  t o  h i g h  r e s u l t s .  The s u s p e n d e d  m a t t e r  c a n  
be r em oved  by  f i l t e r i n g  t h e  sa m p le  t h r o u g h  a n  a s h l e s s  
f i l t e r  p a p e r  b e f o r e  p r e c i p i t a t i n g  t h e  b a r i u m  s u l f a t e .  I f  
t h e  s i l i c a  c o n c e n t r a t i o n  e x c e e d s  25  m g / l ,  i t  m u s t  be  rem o v ed .  
The r e m o v a l  p r o c e d u r e  u t i l i z e s  r e p e a t e d  e v a p o r a t i o n s  o f  t h e  
sa m p le  w i t h  h y d r o c h l o r i c  a c i d .  The r e s i d u e  w h ic h  r e m a i n s  
i s  t a k e n  up i n  h o t  w a t e r  a n d  t h e  i n s o l u b l e  s i l i c a  i s  f i l t e r ­
e d  o f f  a n d  w a sh e d  w i t h  w a t e r .  The r e s u l t i n g  f i l t r a t e  an d  
s u b s e q u e n t  w a s h i n g s  a r e  c o m b in e d  a n d  t r e a t e d  a s  b e f o r e  f o r  
s u l f a t e .
S u l f i t e  i n  t h e  sa m p le  may be o x i d i z e d  by  d i s s o l v e d  
oxygen  t o  s u l f a t e  i f  t h e  pH o f  t h e  s o l u t i o n  i s  ab o v e  e i g h t .  
H igh  s u l f a t e  r e s u l t s  w o u ld  be  o b t a i n e d .  A d j u s t i n g  t h e  pH 
o f  t h e  sa m p le  s h o r t l y  a f t e r  i t s  c o l l e c t i o n  w i l l  p r e v e n t  
t h i s  f rom  h a p p e n i n g .
C o p r e c i p i t a t i o n  o f  i n t e r f e r i n g  a n i o n s  a n d  c a t i o n s  and  
o c c l u s i o n  o f  w a t e r  r e s u l t  i n  t h e  c o n t a m i n a t i o n  o f  t h e  b a r i u m  
s u l f a t e .  C h l o r i d e ,  n i t r a t e  a n d  c h l o r a t e  a r e  c o p r e c i p i t a t e d  
a s  t h e i r  b a r i u m  s a l t s .  When n i t r a t e  a n d  c h l o r a t e  a r e  
p r e s e n t ,  t h e y  c a n  be  r em o ved  by  r e p e a t e d  e v a p o r a t i o n  w i t h  
h y d r o c h l o r i c  a c i d :
2 N03 “ + 6 Cl" + 8 H+ -  2 NO + 3 Clg + 4 HgO
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C103" + 5 C l  + 6 H+ -  3 C l 2 + 3 H20
U s u a l l y  t h e y  a r e  i n  s u c h  low  c o n c e n t r a t i o n s  a s  t o  be o f  
n e g l i g i b l e  i m p o r t a n c e .
The p r o b l e m  o f  b a r i u m  c h l o r i d e  c o p r e c i p i t a t i o n  c a n n o t  
be n e g l e c t e d ,  s i n c e  e x c e s s  b a r i u m  c h l o r i d e  i s  u s e d  t o  
p r e c i p i t a t e  t h e  s u l f a t e .  The c o p r e c i p i t a t i o n  c a n  be m i n i ­
m iz e d  by  a d d i n g  t h e  r e a g e n t  s l o w l y ,  by  s t i r r i n g  t h e  s o l u t i o n  
d u r i n g  t h e  p r e c i p i t a t i o n ,  a n d  by d i g e s t i n g  t h e  p r e c i p i t a t e  
f o r  a t  l e a s t  two h o u r s .
C a t i o n s  w h i c h  a r e  c o p r e c i p i t a t e d  a s  t h e i r  s u l f a t e s  o r  
b i s u l f a t e s  i n c l u d e  p r o t o n s ,  t h e  a l k a l i  m e t a l s ,  c a l c i u m ,  
a n d  i r o n ( I I I ) .  The r e m o v a l  o f  t h e s e  i n t e r f e r i n g  s p e c i e s  
i s  a c c o m p l i s h e d  b y  p a s s i n g  t h e  sa m p le  s o l u t i o n  t h r o u g h  a 
c a t i o n  e x c h a n g e  co lu m n  p r i o r  t o  p r e c i p i t a t i n g  t h e  b a r i u m  
s u l f a t e .  F o r  a  more c o m p l e t e  d i s c u s s i o n  o f  t h e  e r r o r s  
i n v o l v e d ,  t h e  r e a d e r  i s  r e f e r r e d  t o  " T e x tb o o k  o f  Q u a n t i t a ­
t i v e  I n o r g a n i c  A n a l y s i s "  by  I .  M. K o l t h o f f  a n d  E.  B.
S a n d e l l . ^
The o c c l u s i o n  o f  w a t e r  i s  c o n s i d e r e d  a s  a n  i n t e r f e r ­
e n c e .  I g n i t i o n  o f  t h e  p r e c i p i t a t e  a t  800°  d r i v e s  o f f  t h e  
o c c l u d e d  w a t e r .  However d r y i n g  t h e  b a r i u m  s u l f a t e  p r e c i p i ­
t a t e  a t  1 0 5 ° r e s u l t s  i n  a  p r e c i p i t a t e  t h a t  may c o n t a i n  
s e v e r a l  t e n t h s  o f  a  p e r  c e n t  o f  w a t e r .
D e s p i t e  t h e  p o s s i b l e  s o u r c e s  o f  e r r o r ,  t h e  i n t e r f e r ­
e n c e s  a nd  t h e  am ount  o f  t i m e  r e q u i r e d  f o r  t h e  d e t e r m i n a t i o n ,
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t h e  b a r iu m  s u l f a t e  g r a v i m e t r i c  m e th o d  r e m a i n s  t h e  p r e f e r r e d  
m e th o d .  I t  i s  u s e d  w h e n e v e r  t h e  g r e a t e s t  a c c u r a c y  i s  
n e c e s s a r y  a n d  when t h e o r e t i c a l  i o n  b a l a n c e s  a r e  t o  be 
o b t a i n e d .
A t t e m p t s  h a v e  b e e n  made t o  f i n d  s u l f a t e  compounds
w h ic h  a r e  l e s s  s o l u b l e  t h a n  b a r i u m  s u l f a t e  a nd  w h ic h  c o u l d
be u s e d  f o r  g r a v i m e t r i c  d e t e r m i n a t i o n s .  S e v e r a l  r e s e a r c h e r s
h av e  p r o p o s e d  t h e  u s e  o f  c o o r d i n a t i o n  compounds o f  c o b a l t
a s  p o s s i b l e  p r e c i p i t a n t s  f o r  s u l f a t e  i o n s .  Mahr a n d  
h,
K r a u s s  s u g g e s t e d  p r e c i p i t a t i n g  s u l f a t e  a s  t h e  hexaam m ine-  
c o b a l t ( l l l )  b ro m id e  s u l f a t e ,  [Co(NH^J^DBrSO^.
B e l c h e r  a n d  G ib b o n s^  s t u d i e d  f i v e  o t h e r  c o o r d i n a t i o n  
compounds o f  c o b a l t  and  recommended t h e  u s e  o f  one o f  them 
f o r  a g r a v i m e t r i c  d e t e r m i n a t i o n .  O c ta a m m in o - p - a m in o - p -
/NH-
n i t r o - d i c o b a l t i c  n i t r a t e ,  [  (NH~ )j,Co( /Co (NH, )j. ]  (NO- )u ' H„0
NO g
was u s e d  t o  p r e c i p i t a t e  t h e  c o r r e s p o n d i n g  s u l f a t e ,  w h ic h  
t h e y  f o u n d  t o  h a v e  a  s o l u b i l i t y  i n  w a t e r  a t  25°  o f  2 2 . 4  
m g / l .  A l t h o u g h  t h i s  was more s o l u b l e  t h a n  b a r i u m  s u l f a t e  
( 2 . 5  m g / l  a t  2 5 ° ) , ^  i t  c o u l d  s t i l l  be u s e d  t o  o b t a i n  q u a n t ­
i t a t i v e  r e s u l t s  i f  t h e  volume o f  s o l u t i o n  w ere  c a r e f u l l y  
c o n t r o l l e d .  B e l c h e r  a n d  G ib b o n s  f o u n d  few i n t e r f e r e n c e s .
I n  p a r t i c u l a r ,  n i t r a t e  d i d  n o t  i n t e r f e r e .
B. T i t r i m e t r i c  M eth o ds
E a r l y  r e s e a r c h e r s  r e c o g n i z e d  t h e  n e e d  f o r  f a s t e r ,  more
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e f f i c i e n t  m e th o d s  o f  d e t e r m i n i n g  s u l f a t e .  T i t r i m e t r i c  o r  
v o l u m e t r i c  m e th o d s  a p p e a r e d  t o  p r o v i d e  t h e  a l t e r n a t i v e  
t h e y  s o u g h t .  As t h e y  were  t o  d i sc o v e r* ,  t h e  t i t r i m e t r i c  
p r o c e d u r e s  were  i n d e e d  f a s t e r ,  b u t  t h e y  were  f r a u g h t  w i t h  
p r o b l e m s .  The l a c k  o f  s u i t a b l e  i n d i c a t o r s ,  t h e  l a c k  o f  
s e n s i t i v i t y  o f  t h e  a v a i l a b l e  i n d i c a t o r s ,  t h e  d i f f i c u l t i e s  
o f  d e t e r m i n i n g  t h e  t i t r a t i o n  en d  p o i n t ,  an d  t h e  p r e s e n c e  
o f  c a t i o n i c  a n d  a n i o n i c  i n t e r f e r e n c e s  o f t e n  l e d  t o  m e th o d s  
w h ic h  were  i n s e n s i t i v e  o r  c o m p l i c a t e d .
The f i r s t  a p p r o a c h e s  t o  be u s e d  were  i n d i r e c t  m e th o d s
w h ic h  i n v o l v e d  t h e  p r e c i p i t a t i o n  o f  b a r i u m  s u l f a t e  a n d  t h e
d e t e r m i n a t i o n  o f  t h e  e x c e s s  b a r i u m ,  o f t e n  by p r e c i p i t a t i n g
a  s e c o n d  i n s o l u b l e  b a r i u m  s a l t  a n d  d e t e r m i n i n g  t h e  e x c e s s
a n i o n .  The u s e  o f  c h r o m a te  was s u g g e s t e d  f i r s t ,  s i n c e
b a r i u m  c h ro m a te  i s  a l m o s t  a s  i n s o l u b l e  a s  b a r i u m  s u l f a t e
(3»^  m g / l  a t  1 6 ° c o m p a re d  t o  2 . 2  m g / l  a t  1 8 ° ) , ^  a n d  m e th o d s
f o r  d e t e r m i n i n g  c h r o m a te  w ere  a l r e a d y  a v a i l a b l e .
n
I n  1889 ,  L. W. Andrews d e v e l o p e d  a  s u l f a t e  m e th o d  i n  
w h ic h  t h e  s u l f a t e  was p r e c i p i t a t e d  when a n  e x c e s s  o f  a n  
a c i d i f i e d  s o l u t i o n  o f  b a r i u m  c h r o m a te  was a d d e d .  The 
s o l u t i o n  was n e u t r a l i z e d ,  a n d  t h e  b a r i u m  s u l f a t e  a n d  e x c e s s  
b a r i u m  c h r o m a te  w ere  f i l t e r e d  o f f ,  l e a v i n g  a  s o l u t i o n  w h ic h  
c o n t a i n e d  c h r o m a te  i n  a n  am ount  e q u a l  t o  t h e  am ount  o f  
s u l f a t e  i n  t h e  o r i g i n a l  s a m p le .  The f i l t r a t e  was a g a i n  
a c i d i f i e d  w i t h  h y d r o c h l o r i c  a c i d  a n d  p o t a s s i u m  i o d i d e  was
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a d d e d .  The c h r o m a t e  was r e d u c e d  t o  C r ( I I l )  and  t h e  i o d i d e  
was o x i d i z e d  t o  f r e e  i o d i n e ,  w h ic h  was t i t r a t e d  w i t h  s t a n d ­
a r d  so d iu m  t h i o s u l f a t e  i n  t h e  p r e s e n c e  o f  s t a r c h  i n d i c a t o r .  
I o n s  w h ic h  p r e c i p i t a t e  i n s o l u b l e  c h r o m a t e s  o r  b a r i u m  s a l t s  
i n t e r f e r e d  w i t h  t h e  m e th o d .
Many m o d i f i c a t i o n s  o f  A n d r e w 's  m e th o d  have  b e e n  p r o -
Q
p o s e d .  J .  L. B. S m i t h  p r o p o s e d  a  t w o - s t e p  p r e c i p i t a t i o n
u s i n g  b a r i u m  c h l o r i d e  f o l l o w e d  by p o t a s s i u m  c h r o m a t e ,  w h i l e
K o s z e g i ^  c h o s e  t o  u s e  p o t a s s i u m  d i c h r o m a t e  f o r  t h e  s e c o n d
p r e c i p i t a t i o n .  The same i o d o m e t r i c  f i n i s h  was u s e d .  I n
b o t h  c a s e s ,  t h e  pH o f  t h e  s o l u t i o n  h a d  t o  be c a r e f u l l y
a d j u s t e d  t o  i n s u r e  t h e  p r e s e n c e  o f  t h e  a p p r o p r i a t e
chromium s p e c i e s .
O t h e r  r e s e a r c h e r s  c h o s e  t o  m o d i f y  t h e  d e t e r m i n a t i o n
10o f  t h e  e x c e s s  c h r o m a t e .  Roemer t i t r a t e d  t h e  c h r o m a te
w i t h  a  s t a n d a r d  s o l u t i o n  o f  f e r r o u s  ammonium s u l f a t e
[F e S 0 ^ (N H ^ )2 S 0 ^ ] , u s i n g  p o t a s s i u m  f e r r i c y a n i d e  a s  t h e
11i n d i c a t o r .  G e i lm a n n  a n d  B r e t s c h n e i d e r  u s e d  f e r r o u s
s u l f a t e  a n d  f e r r o i n  i n d i c a t o r  t o  d e t e r m i n e  t h e  e x c e s s
12c h r o m a t e .  J e l l i n e k  a n d  E ns  t i t r a t e d  t h e  e x c e s s  c h r o m a te  
w i t h  a  s t a n d a r d  b a r i u m  n i t r a t e  s o l u t i o n ,  u s i n g  t h e  d i s ­
a p p e a r a n c e  o f  t h e  y e l l o w  c h r o m a te  c o l o r  f rom  t h e  s o l u t i o n  
a s  t h e  e n d  p o i n t .  A c o m p a r i s o n  s o l u t i o n  was e s s e n t i a l  
f o r  l o c a t i n g  t h e  e n d  p o i n t .  R e p i t o n ^  d e t e r m i n e d  e x c e s s  
c h r o m a te  i n  a n  a c i d i c  s o l u t i o n  by  t i t r a t i n g  w i t h  a  s t a n d a r d  
s t a n n o u s  c h l o r i d e  s o l u t i o n  u s i n g  m e r c u r i c  c h l o r i d e  a s  an
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i n d i c a t o r .  The e n d  p o i n t  was i n d i c a t e d  by  t h e  f i r s t  
o p a l e s c e n c e  i n  t h e  s o l u t i o n  due t o  t h e  f o r m a t i o n  o f  m e r c u r -  
o us  c h l o r i d e .
I n  a t t e m p t s  t o  s h o r t e n  t h e  p r o c e d u r e ,  some r e s e a r c h e r s
c h o s e  t o  d e t e r m i n e  t h e  e x c e s s  b a r i u m  u s i n g  c h r o m a te  a s
14t h e  t i t r a n t .  J e l l i n e k  a n d  C z e r w i n s k i  t i t r a t e d  t h e  e x c e s s  
b a r i u m  w i t h  p o t a s s i u m  c h r o m a te  i n  t h e  p r e s e n c e  o f  m e t h y l  
r e d  i n d i c a t o r .  A t  t h e  e n d  p o i n t  t h e  c h r o m a te  h y d r o l y z e d  
s u f f i c i e n t l y  t o  c a u s e  a  b a s i c  r e a c t i o n  w i t h  t h e  i n d i c a t o r  
( r e d  t o  y e l l o w ) .
I n  h i s  t i t r a t i o n  o f  t h e  e x c e s s  b a r i u m  w i t h  p o t a s s i u m  
c h r o m a t e ,  R o th 1-* c h o s e  t o  u s e  a n  e x t e r n a l  i n d i c a t o r ,  c o n s i s t ­
i n g  o f  a  p a p e r  i m p r e g n a t e d  w i t h  p , p ' - d i a m i n o d i p h e n y l a m i n e .
When t h e  e n d  p o i n t  was r e a c h e d ,  a  d r o p  o f  t h e  t i t r a t e d
16s o l u t i o n  t u r n e d  t h e  p a p e r  b l u e .  Germuth  u s e d  l e a d
n i t r a t e  on a  s p o t  p l a t e  a s  t h e  e x t e r n a l  i n d i c a t o r .  When
t h e  e n d  p o i n t  o f  t h e  c h r o m a te  t i t r a t i o n  was r e a c h e d ,  a  d ro p
o f  t h e  t i t r a t e d  s o l u t i o n  w o u ld  c a u s e  y e l l o w  l e a d  c h ro m a te
17t o  fo rm  on t h e  s p o t  p l a t e .  D o m i n ik i e w i c z  s u g g e s t e d
b e n z i d i n e  p a p e r  a s  an  e x t e r n a l  i n d i c a t o r .  A b l u e  c o l o r a t i o n
o f  t h e  p a p e r  was o b s e r v e d  a t  t h e  e nd  p o i n t  o f  t h e  t i t r a t i o n
u s i n g  ammonium p o t a s s i u m  c h r o m a t e .
1 fi
I n  1 9 3 1 1 J* R* Andrews p r o p o s e d  a  m o s t  i n t e r e s t i n g  
m o d i f i c a t i o n  o f  t h e  b a r i u m  c h r o m a te  m e th o d .  He a d d e d  
sod ium  a c e t a t e  a n d  b a r i u m  c h r o m a te  s o l u t i o n s  t o  t h e  s a m p le ,  
a d j u s t e d  t h e  pH t o  b a s i c ,  b o i l e d  t h e  s o l u t i o n  f o r  f i v e  m in ­
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u t e s ,  c o o l e d  i t ,  a n d  rem oved  t h e  i n s o l u b l e  b a r i u m  s a l t s  by 
f i l t r a t i o n .  A f t e r  w a s h i n g  t h e  p r e c i p i t a t e s  w i t h  w a t e r ,  
he a d d e d  s u l f u r i c  a c i d  t o  a n  a p p r o p r i a t e  a l i q u o t  o f  t h e  
f i l t r a t e .  T h i s  was  t i t r a t e d  w i t h  s t a n d a r d  f e r r o u s  ammonium 
s u l f a t e  u n t i l  t h e  c o l o r  o f  t h e  r e d u c e d  chromium c o u l d  be 
s e e n .  A 2 ml e x c e s s  o f  f e r r o u s  ammonium s u l f a t e  was t h e n  
a d d e d .  T h i s  e x c e s s  was b a c k  t i t r a t e d  w i t h  a  s t a n d a r d  
p o t a s s i u m  p e r m a n g a n a t e  s o l u t i o n  t o  t h e  f a i n t  p u r p l e  e nd  
p o i n t .  H y dro g e n  s u l f i d e  a n d  a n y  o t h e r  r e d u c i n g  m a t t e r  
h a d  t o  be rem o v ed  b e f o r e  t h e  d e t e r m i n a t i o n  was u n d e r t a k e n .
The c h r o m a te  m e t h o d s  f o r  d e t e r m i n i n g  s u l f a t e  w ere
19s u b j e c t  t o  a  nu m b er  o f  e r r o r s .  T h ese  i n c l u d e d  t h e  c o ­
p r e c i p i t a t i o n  o f  c h r o m a t e  i o n  w i t h  b a r i u m  s u l f a t e ,  t h e  
r e d u c t i o n  o f  d i c h r o m a t e  by  c h l o r i d e  i n  a c i d  s o l u t i o n ,  a n d  
t h e  p r e c i p i t a t i o n  o f  o t h e r  b a r i u m  s a l t s  i n  a l k a l i n e  
s o l u t i o n .
These  e r r o r s  made r e s e a r c h e r s  l o o k  a t  o t h e r  a n i o n s  
w h ic h  m i g h t  be u s e d  i n  a n  i n d i r e c t  p r o c e d u r e  s i m i l a r  t o  
t h e  c h r o m a te  p r o c e d u r e s .  Some o f  t h e  b a r i u m  s a l t s  t r i e d  
an d  t h e i r  s o l u b i l i t i e s  a r e :  b a r i u m  c a r b o n a t e ,  20 m g / l  a t  
2 0 ° ;  b a r i u m  o x a l a t e ,  93 mg / l  a t  1 8 ° ;  b a r i u m  p h o s p h a t e ,  
i n s o l u b l e ;  b a r i u m  i o d a t e ,  80 m g / l  a t  0 ° ;  b a r i u m  s t e a r a t e ,
40 m g / l  a t  1 5 ° ;  b a r i u m  p a l m i t a t e ,  40  m g / l  a t  1 5 ° ;  a n d  b a r i u m  
l a u r y l  s u l f a t e ,  no  d a t a  a v a i l a b l e . ^
20The u s e  o f  c a r b o n a t e  was p r o p o s e d  by  Howden i n  1918 .  
P u r e  b a r i u m  c a r b o n a t e  was a d d e d  t o  a  n e u t r a l i z e d  sa m p le  o f
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s u l f a t e .  S i n c e  b a r i u m  s u l f a t e  i s  l e s s  s o l u b l e  t h a n  b a r i u m
c a r b o n a t e ,  t h e  s u l f a t e  was p r e c i p i t a t e d ,  r e l e a s i n g  an
e q u i v a l e n t  amount  o f  c a r b o n a t e .  A f t e r  f i l t e r i n g  o f f  t h e
p r e c i p i t a t e s ,  t h e  f i l t r a t e  was t i t r a t e d  w i t h  s t a n d a r d
h y d r o c h l o r i c  a c i d  t o  a  m e t h y l  o r a n g e  e n d  p o i n t .  N o r t h a l l -  
21L a u r i e  s u g g e s t e d  a  s i m i l a r  p r o c e d u r e  u s i n g  p h e n o l p h t h a l e m
a s  i n d i c a t o r .  The d i s c h a r g e  o f  t h e  p i n k  c o l o r  o f  t h e
p h e n o l p h t h a l e i n  i n d i c a t e d  t h e  e n d  p o i n t .
22E. P .  S c ho ch  p r o p o s e d  a  p r o c e d u r e  u s i n g  t h y m o l p h t h a -  
l e i n  a s  t h e  i n d i c a t o r .  S u l f a t e  was p r e c i p i t a t e d  f rom  a 
n e u t r a l  s o l u t i o n  w i t h  e x c e s s  s t a n d a r d  b a r i u m  c h l o r i d e .  The 
e x c e s s  b a r i u m  was t i t r a t e d  w i t h  s t a n d a r d  so d ium  c a r b o n a t e .
At t h e  e n d  p o i n t  t h e  c a r b o n a t e  was h y d r o l y z e d ,  c a u s i n g  an  
i n c r e a s e  i n  pH w h i c h  i n  t u r n  s h i f t s  t h e  c o l o r  o f  t h e  i n d i ­
c a t o r  t o  b l u e .  The u s e  o f  a  s t a n d a r d  c o l o r  e n a b l e d  S c ho ch  
t o  l o c a t e  t h e  e n d  p o i n t  more a c c u r a t e l y .
S h i n k a i 2 -̂  c h o s e  t o  a d d  a n o t h e r  s t e p  t o  t h e  c a r b o n a t e  
m e th o d .  The s u l f a t e  was p r e c i p i t a t e d  w i t h  e x c e s s  b a r i u m  
c h l o r i d e  a n d  t h e  s o l u t i o n  was f i l t e r e d .  Sodium c a r b o n a t e  
was a d d e d  t o  t h e  f i l t r a t e  p r e c i p i t a t i n g  b a r i u m  c a r b o n a t e .  
A f t e r  a  s e c o n d  f i l t r a t i o n ,  a  1 ml e x c e s s  o f  s t a n d a r d  
h y d r o c h l o r i c  a c i d  was a d d e d  t o  t h e  f i l t r a t e  an d  t h e  f i l t r a t e  
was b o i l e d  f o r  t e n  m i n u t e s .  The h y d r o c h l o r i c  a c i d  w h ic h  
r e m a i n e d  was t i t r a t e d  w i t h  a  s t a n d a r d  so d ium  h y d r o x i d e  
s o l u t i o n  t o  a  m e t h y l  r e d  e n d  p o i n t .
2ZJ-
R i v e t t  a d d e d  a  l a r g e  e x c e s s  o f  b a r i u m  o x a l a t e .
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A f t e r  f i l t e r i n g  t h e  b a r i u m  s u l f a t e  a n d  a n y  r e m a i n i n g  b a r iu m  
o x a l a t e ,  a  s u i t a b l e  a l i q u o t  o f  t h e  f i l t r a t e  was a c i d i f i e d ,  
h e a t e d  t o  b o i l i n g ,  a n d  t i t r a t e d  w i t h  p o t a s s i u m  p e rm a n g a n ­
a t e .  The m e th o d  w o rk e d  b e s t  i n  s o l u t i o n s  o f  h i g h  s u l f a t e  
c o n t e n t  (>250 m g / l ) .
M a c c h i a ^  p r o p o s e d  t h e  u s e  o f  b a r i u m  p h o s p h a t e .  The 
e x c e s s  p h o s p h a t e  p r o d u c e d  when b a r i u m  p h o s p h a t e  r e a c t s  w i t h  
s u l f a t e ,  was p r e c i p i t a t e d  w i t h  ammonium m o l y b d a t e .  The 
p r e c i p i t a t e  was f i l t e r e d ,  w a s h e d ,  an d  r e d i s s o l v e d  i n  a  
s l i g h t  e x c e s s  o f  sud ium  h y d r o x i d e .  The b a s e  was t i t r a t e d  
w i t h  h y d r o c h l o r i c  a c i d  t o  t h e  p h e n o l p h t h a l e i n  e n d  p o i n t .
p
S o i b e l ' m a n  p r e c i p i t a t e d  t h e  s u l f a t e  by a d d i n g
p o w d e red  b a r i u m  i o d a t e  a n d  d e t e r m i n i n g  t h e  r e l e a s e d  i o d a t e
by a d d i n g  p o t a s s i u m  i o d i d e  a n d  t i t r a t i n g  w i t h  sod ium
t h i o s u l f a t e  i n  t h e  p r e s e n c e  o f  s t a r c h  i n d i c a t o r .  L am b er t  
27a n d  Manzo 1 p l a c e d  t h e  b a r i u m  i o d a t e  1 - h y d r a t e  i n  a n  i o n  
e x c h a n g e  co lum n a n d  p a s s e d  t h e  sa m p le  t h r o u g h  i t ,  a l l o w i n g  
t h e  s u l f a t e  t o  be e x c h a n g e d  f o r  t h e  i o d a t e .  A s u i t a b l e  
a l i q u o t  was c o l l e c t e d ,  p o t a s s i u m  i o d i d e  a n d  a c i d  w ere  a d d e d ,  
a n d  t h e  f r e e  i o d i n e  p r o d u c e d  was t i t r a t e d  w i t h  s t a n d a r d  
sod ium  t h i o s u l f a t e  t o  t h e  s t a r c h  e n d  p o i n t .  The b e s t  
r e s u l t s  w e re  o b t a i n e d  b e tw e e n  2 0 0 - 7 5 0  ppm.
op
A t k i n s o n  p r e c i p i t a t e d  t h e  s u l f a t e  w i t h  b a r i u m  
c h l o r i d e .  A f t e r  f i l t r a t i o n ,  t h e  e x c e s s  b a r i u m  was t i t r a t e d  
w i t h  p o t a s s i u m  s t e a r a t e  w i t h  B. D. H. U n i v e r s a l  I n d i c a t o r .
At t h e  e nd  p o i n t ,  t h e  s t e a r a t e  h y d r o l y z e d ,  g i v i n g  a n  a l k a ­
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l i n e  r e a c t i o n  t o  t h e  u n i v e r s a l  i n d i c a t o r .  The m e th od
s u f f e r e d  f rom  i n t e r f e r e n c e  f rom  m e t a l s  s u c h  a s  a lum inum ,
29z i n c ,  c a l c i u m ,  a n d  m agnes ium .  B a h r d t  7 u s e d  a  m eth od  
s i m i l a r  t o  t h i s ,  h u t  he s u b s t i t u t e d  p o t a s s i u m  p a l m i t a t e  
f o r  t h e  s t e a r a t e  a n d  p h e n o l p h t h a l e i n  f o r  t h e  u n i v e r s a l  
i n d i c a t o r .
30Sodium l a u r y l  s u l f a t e  was u s e d  by Davey a n d  G w i l t ^  
t o  p r e c i p i t a t e  e x c e s s  b a r i u m  a f t e r  t h e  p r e c i p i t a t i o n  o f  
b a r i u m  s u l f a t e  by  b a r i u m  c h l o r i d e .  A f t e r  f i l t r a t i o n ,  t h e  
e x c e s s  sod ium  l a u r y l  s u l f a t e  was t i t r a t e d  i n  a  c h l o r o f o r m -  
w a t e r  medium w i t h  b e n z a l k o n i u m  c h l o r i d e  t o  a  m e t h y l  y e l l o w  
e nd  p o i n t  ( r e d  t o  y e l l o w ) .  I n t e r f e r e n c e s  i n c l u d e d  c a l c i u m ,  
l e a d  a n d  s t r o n t i u m .  At h i g h  c o n c e n t r a t i o n s  o t h e r  c a t i o n s  
w ere  a l s o  f o u n d  t o  i n t e r f e r e .
R h o d i z o n i c  a c i d  fo rm s  a  b r i g h t  r e d  s a l t  w i t h  b a r i u m .  
A t t e m p t s  t o  u s e  so d iu m  r h o d i z o n a t e  a s  a  d i r e c t  e n d  p o i n t  
i n d i c a t o r  i n  t h e  t i t r a t i o n  o f  s u l f a t e  w i t h  b a r i u m  were  
u n s u c c e s s f u l .  However  r e s e a r c h e r s  f o u n d  t h a t  t h e  r e v e r s e
t i t r a t i o n  was u s a b l e  a n d  s e v e r a l  m e th o d s  w e re  p r o p o s e d .
31S t r e b i n g e r  a n d  Zombory^ were  t h e  f i r s t  t o  d e v e l o p  
an  i n d i r e c t  p r o c e d u r e .  The s u l f a t e  was p r e c i p i t a t e d  w i t h  
b a r iu m  c h l o r i d e  a s  u s u a l .  The e x c e s s  b a r i u m  was t h e n  
t i t r a t e d  w i t h  a  s t a n d a r d  s u l f u r i c  a c i d  s o l u t i o n ,  
w i t h  t h e  e n d  p o i n t  i n d i c a t e d  by t h e  d i s a p p e a r a n c e  
o f  t h e  r e d  c o l o r  o f  t h e  b a r i u m  r h o d i z o n a t e .  The pH o f  t h e  
s o l u t i o n  d e t e r m i n e d  t h e  c o l o r  o b s e r v e d  - -  y e l l o w  i n
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n e u t r a l  s o l u t i o n s  a n d  c o l o r l e s s  i n  a c i d  s o l u t i o n s .  P o t a s ­
s iu m  s u l f a t e - ^  a n d  ammonium s u l f a t e - ^  w ere  a l s o  t r i e d  a s
t i t r a n t s  i n  s i m i l a r  p r o c e d u r e s .
qk
One m o d i f i c a t i o n - '  o f  t h e  r h o d i z o n a t e  m eth o d  c a l l e d  
f o r  t h e  a d d i t i o n  o f  an  o r g a n i c  l a y e r  o f  n i t r o b e n z e n e  and  
i s o - a m y l  a l c o h o l  t o  t h e  a q u e o u s  s a m p le .  The b a r i u m  
r h o d i z o n a t e  was g a t h e r e d  a t  t h e  i n t e r f a c e  b e tw e e n  t h e  two 
l a y e r s ,  t h u s  e f f e c t i v e l y  s e p a r a t i n g  t h e  i n d i c a t o r  a n d  t h e  
b a r i u m  s u l f a t e .  When t h e  e x c e s s  b a r i u m  was t i t r a t e d  w i t h  
s u l f u r i c  a c i d ,  t h e  c o l o r  c h a n g e  o f  t h e  i n d i c a t o r  was much 
more d i s t i n c t .  As w i t h  t h e  o t h e r  r h o d i z o n a t e  m e t h o d s ,  
m e t a l  c a t i o n s  s u c h  a s  i r o n ( I I I ) ,  l e a d ,  a lu m in u m ,  z i n c ,  
cadmium, c a l c i u m ,  n i c k e l ,  a n d  c o b a l t  i n t e r f e r e d .
H e r t y k  a n d  G r e g o r o w i c z - ^  u s e d  V a r i a m i n e  B lue  a s  t h e  
i n d i c a t o r  i n  t h e i r  b a c k  t i t r a t i o n  o f  t h e  e x c e s s  b a r i u m  w i t h  
sod ium  s u l f a t e  o r  s i l v e r  s u l f a t e .  The d e t e r m i n a t i o n  was 
c a r r i e d  o u t  i n  an  a c e t o n e - w a t e r  medium.
The u s e  o f  i n s o l u b l e  b a r i u m  compounds t o  d e t e r m i n e  t h e  
e x c e s s  b a r i u m  a f t e r  p r e c i p i t a t i o n  o f  b a r i u m  s u l f a t e  r e m a i n e d  
t h e  m a j o r  a p p r o a c h  t o  i n d i r e c t  s u l f a t e  d e t e r m i n a t i o n s  u n t i l  
1 950 .  I n  t h a t  y e a r ,  M unger ,  N i p p i e r ,  a n d  I n g o l s ^ ^  p r o p o s e d  
an  i n d i r e c t  v o l u m e t r i c  d e t e r m i n a t i o n  w h ic h  was b a s e d  on t h e  
f o r m a t i o n  o f  a  c o m p lex  b e t w e e n  b a r i u m  i o n  a n d  d i s o d i u m  
d i h y d r o g e n  e t h y l e n e d i a m i n e - t e t r a a c e t a t e  (EDTA). The 
m e th o d  was r a t h e r  l o n g  and  c o m p l i c a t e d ,  r e q u i r i n g  a  t o t a l  
o f  t h r e e  t i t r a t i o n s .  EDTA was a l s o  known t o  r e a c t  w i t h
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m agnes ium  a n d  c a l c i u m ,  a n d  so  was b e i n g  u s e d  t o  d e t e r m i n e  
t h e  h a r d n e s s  o f  w a t e r .  T h i s  was one o f  t h e  two i n d e p e n d e n t  
t i t r a t i o n s  t h a t  h a d  t o  be done  b e f o r e  t h e  s u l f a t e  d e t e r m i n ­
a t i o n .  D e t e r m i n a t i o n  o f  t h e  a l k a l i n i t y  w i t h  h y d r o c h l o r i c  
a c i d  was t h e  o t h e r  t i t r a t i o n  n e c e s s a r y .
The s u l f a t e  p r o c e d u r e  b e g a n  by  t h e  a d d i t i o n  o f  a c i d  
e q u i v a l e n t  t o  t h e  a l k a l i n i t y .  The sa m p le  was b o i l e d  and  
e x c e s s  s t a n d a r d  b a r i u m  c h l o r i d e  was a d d e d .  A f t e r  c o o l i n g  
t h e  s o l u t i o n ,  ammonia-ammonium c h l o r i d e  b u f f e r  (pH 10)  and  
E r io c h r o m e  B la c k  T i n d i c a t o r  w e re  a d d e d  a n d  t h e  s o l u t i o n  
was t i t r a t e d  w i t h  s t a n d a r d  EDTA t o  t h e  b l u e  e nd  p o i n t .
S i n c e  t h e  e n d  p o i n t  i n  t h e  p r e s e n c e  o f  b a r i u m  was p o o r ,  
a  s m a l l  amount  o f  s t a n d a r d  m agnes ium  i o n  was a d d e d  t o  
s h a r p e n  t h e  e n d  p o i n t .
The s u l f a t e  c o n c e n t r a t i o n  was c a l c u l a t e d  u s i n g  t h e  
f o l l o w i n g  f o r m u l a :
( H + B + M - T ) X  48 = ppm s u l f a t es
where  H i s  m i l l i e q u i v a l e n t s  o f  EDTA r e q u i r e d  f o r  t o t a l  
h a r d n e s s ,  B i s  m i l l i e q u i v a l e n t s  o f  b a r i u m  c h l o r i d e  s o l u t i o n  
a d d e d ,  M i s  m i l l i e q u i v a l e n t s  o f  m agnes ium  i o n  s o l u t i o n  
a d d e d  t o  e n h a n c e  t h e  end  p o i n t ,  T i s  t h e  t o t a l  m i l l i e q u i v a l ­
e n t s  o f  EDTA u s e d  t o  t i t r a t e  e x c e s s  b a r i u m  a nd  m agnes ium ,  
a n d  s i s  m i l l i l i t e r s  o f  s a m p le  u s e d .  C o p p e r ,  m a n g a n e s e ,  
c o b a l t  an d  n i c k e l  i n t e r f e r e d  w i t h  t h e  d e t e r m i n a t i o n .
B e l c h e r ,  G i b b o n s ,  a n d  West  37»38 p r o p o s e d  two v a r i a t i o n s
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o f  t h e  EDTA m e th o d .  I n  o n e ,  t h e y  f i l t e r e d  o f f  t h e  b a r i u m  
s u l f a t e  p r e c i p i t a t e ,  a n d  d i s s o l v e d  i t  i n  a  t w o f o l d  e x c e s s  
o f  EDTA s o l u t i o n  a n d  9M ammonia.  The r e s u l t i n g  m i x t u r e  
was b o i l e d  a n d  c o o l e d ,  a n d  t h e  e x c e s s  EDTA was t i t r a t e d  
w i t h  s t a n d a r d  m ag n es iu m  c h l o r i d e  i n  t h e  p r e s e n c e  o f  E r i o -  
chrome B l a c k  T i n d i c a t o r  t o  a  c l e a r  r e d  e n d  p o i n t .  I n  t h e  
s e c o n d  v a r i a t i o n ,  a f t e r  f i l t r a t i o n  o f  t h e  b a r iu m  s u l f a t e  
p r e c i p i t a t e ,  EDTA was a d d e d  t o  t h e  f i l t r a t e  w h ic h  c o n t a i n e d  
e x c e s s  b a r i u m .  Now t h e  e x c e s s  EDTA was t i t r a t e d  a s  b e f o r e  
w i t h  m agnes ium  c h l o r i d e .
S i j d e r i u s ^ ^  was  a b l e  t o  im prov e  t h e  EDTA m e th o d  by 
i n t r o d u c i n g  t h e  u s e  o f  a  c a t i o n  e x c h a n g e  column (H+ fo rm )  
t o  remove t h e  i n t e r f e r i n g  c a t i o n s  i n c l u d i n g  c a l c i u m  a n d  
m agnes ium .  T h i s  s i m p l i f i e d  t h e  m e th o d  by  e l i m i n a t i n g  t h e  
n e e d  t o  d e t e r m i n e  h a r d n e s s  a n d  a l k a l i n i t y .  The s u l f a t e  
was p r e c i p i t a t e d  a f t e r  t h e  r e m o v a l  o f  i n t e r f e r e n c e s  by 
a d d i n g  a  p r e c i s e l y  m e a s u r e d  vo lum e o f  b a r i u m  c h l o r i d e  
s o l u t i o n .  The e x c e s s  b a r i u m  was d e t e r m i n e d  w i t h  EDTA and  
E r io c h r o m e  B la c k  T a s  b e f o r e .  The d i f f e r e n c e  b e tw e e n  t h e  
volume o f  EDTA n e e d e d  f o r  a  b l a n k  d e t e r m i n a t i o n  ( i . e .  a l l  
t h e  b a r iu m  a d d e d )  a n d  t h e  vo lum e n e e d e d  f o r  t h e  s u l f a t e  
s a m p le ,  gav e  t h e  m i l l i g r a m s  o f  s u l f a t e  i n  t h e  s a m p le .
S i m i l a r  t i t r a t i o n s  w ere  p r o p o s e d  by c h a n g i n g  t h e
knt i t r a n t ,  t h e  b u f f e r ,  o r  t h e  i n d i c a t o r .  W anninen  u s e d
t h e  t r i - s o d i u m  s a l t  o f  d i e t h y l e n e t r i a m i n e p e n t a a c e t i c  a c i d
Zli
a s  t h e  t i t r a n t .  C a s m i  u s e d  t e t r a - s o d i u m  e t h y l e n e -
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d i a m i n e t e t r a a c e t a t e  w i t h  n a p h t h o l p h t h a l e i n  i n d i c a t o r .
LoB o z h e v o l ' n o v  a n d  K r e i n g o l ' d  u s e d  t h e  f l u o r e s c e n t  
i n d i c a t o r ,  F l u o r e x o n .  H en ce ,  t h e  t i t r a t i o n  was c a r r i e d  
o u t  i n  u l t r a v i o l e t  l i g h t  u n t i l  t h e  s o l u t i o n  m a tc h e d  t h e
If.'j
f l u o r e s c e n c e  o f  a  b l a n k .  Novak J u s e d  t h e  same i n d i c a t o r  
b u t  c h a n g e d  t h e  b u f f e r  s o l u t i o n  t o  a i d  i n  m a s k in g  i n t e r ­
f e r e n c e s .  The b u f f e r  s o l u t i o n  c o n t a i n e d  t r i e t h a n o l a m i n e  
( f o r  a lu m in u m ) ,  p o t a s s i u m  c y a n i d e  ( f o r  i r o n ,  c o p p e r  a n d
z i n c ) ,  t a r t a r i c  a c i d  a n d  p o t a s s i u m  h y d r o x i d e .  O t h e r
hk ij, <
i n d i c a t o r s  t r i e d  w ere  C a l c e i n  a n d  p h t h a l e i n  p u r p l e .
The n e e d  f o r  more t h a n  one s t a n d a r d  s o l u t i o n  a n d  t h e  
u s e  o f  m u l t i p l e  s t e p s  made t h e  i n d i r e c t  p r o c e d u r e s  c u m b e r ­
some. R e s e a r c h e r s  b e g a n  l o o k i n g  f o r  new i n d i c a t o r s  w h ic h  
c o u l d  be u s e d  i n  a  d i r e c t  t i t r a t i o n  o f  s u l f a t e  w i t h  b a r i u m .  
Some r e s e a r c h e r s  a p p l i e d  a l r e a d y  known i n d i c a t o r s ,  w h i l e  
o t h e r s  s y n t h e s i z e d  new compounds w h ic h  t h e y  u s e d  a s  
i n d i c a t o r s .
One o f  t h e  f i r s t  a t t e m p t s  a t  a  d i r e c t  t i t r a t i o n  was
l±6made by A. W. W e l l i n g s  i n  1932 .  He p r o p o s e d  t i t r a t i n g  
s u l f a t e  w i t h  b a r i u m  h y d r o x i d e  i n  t h e  p r e s e n c e  o f  t h e  a d ­
s o r p t i o n  i n d i c a t o r ,  f l u o r e s c e i n ,  a n d  a  s m a l l  am ount  o f  
m ang an ese  o r  m ag n e s iu m .  The i n d i c a t o r  was n o t  a d s o r b e d  
on t h e  s u r f a c e  o f  t h e  b a r i u m  s u l f a t e  p r e c i p i t a t e .  I t  was 
a d s o r b e d  on t h e  m agnes ium  o r  m an g a n ese  h y d r o x i d e ,  b u t  o n l y  
when no s u l f a t e  was p r e s e n t .  Thus a t  t h e  e n d  o f  t h e  
t i t r a t i o n ,  when a l l  t h e  s u l f a t e  h a d  b e e n  p r e c i p i t a t e d ,  t h e
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i n d i c a t o r  was a d s o r b e d  a n d  a  c o l o r  c h ang e  was o b s e r v e d .
Any m e t a l  i o n s  w h ic h  fo rm e d  c o l o r e d  h y d r o x i d e s  i n t e r f e r e d  
w i t h  t h e  p r o c e d u r e .
G i b l i n ^  t i t r a t e d  s u l f a t e  w i t h  b a r i u m  c h l o r i d e  u s i n g  
a n  e x t e r n a l  i n d i c a t o r  c o n s i s t i n g  o f  so d iu m  r h o d i z o n a t e  on 
f i l t e r  p a p e r .  At t h e  e n d  o f  t h e  s u l f a t e  t i t r a t i o n ,  t h e  
s l i g h t  e x c e s s  o f  b a r i u m  w o u ld  p r o d u c e  a  r e d  s p o t  on t h e  
f i l t e r  p a p e r  due t o  t h e  f o r m a t i o n  o f  b a r i u m  r h o d i z o n a t e .
The f i r s t  r e a l  b r e a k t h r o u g h  i n  t h e  d i r e c t  t i t r a t i o n
ij.8
o f  s u l f a t e  came i n  1 933 ,  when S c h r o e d e r  i n t r o d u c e d  t h e  
u s e  o f  t e t r a h y d r o x y q u i n o n e  a s  an  i n d i c a t o r .  A sa m p le  
c o n t a i n i n g  8 0 -8 0 0  ppm s u l f a t e  was c a r e f u l l y  n e u t r a l i z e d ,  
a n  e q u a l  volume o f  e t h a n o l  a n d  t h e  i n d i c a t o r  were  
a d d e d ,  a n d  t h e  s o l u t i o n  was t i t r a t e d  w i t h  b a r i u m  c h l o r i d e .  
At t h e  e n d  p o i n t ,  t h e  r e d  b a r i u m  s a l t  o f  t e t r a h y d r o x y ­
q u i n o n e  was o b s e r v e d .  S p e c i f i c  c o n c e n t r a t i o n s  o f  o t h e r
c a t i o n s  a n d  a n i o n s  were  f o u n d  t o  i n t e r f e r e .
AbSheen  a n d  K a h l e r  s t u d i e d  t h e  t e t r a h y d r o x y q u i n o n e  
m e tho d  and  made s e v e r a l  o b s e r v a t i o n s  a n d  r e c o m m e n d a t i o n s .  
The r a n g e  o f  t h e  m e th o d  was e x p a n d e d  up t o  3 0 , 0 0 0  ppm and  
i s o p r o p a n o l  was s u b s t i t u t e d  f o r  e t h a n o l .  By 
a d j u s t i n g  t h e  pH t o  A, p h o s p h a t e  i n t e r f e r e n c e  o f  up t o  
60 ppm was e l i m i n a t e d .  W ith  s u l f a t e  c o n c e n t r a t i o n s  o v e r  
2000 ppm, t h e  en d  p o i n t  c o u l d  be s h a r p e n e d  by a d d i n g  s o l i d  
sod ium  c h l o r i d e .
The m a j o r  d raw b ac k  t o  t h e  t e t r a h y d r o x y q u i n o n e  m eth o d
24
was t h e  i n a b i l i t y  t o  a c c u r a t e l y  l o c a t e  t h e  end  p o i n t .  The
a p p e a r a n c e  o f  a  p s u e d o  end  p o i n t  an d  a n  i n d i s t i n c t  c o l o r
c h ang e  i n  d i l u t e  s o l u t i o n s  made r e s e a r c h e r s  l o o k  f o r  means
o f  s h a r p e n i n g  t h e  e n d  p o i n t .  Among t h e  a p p r o a c h e s  s u g g e s t e d
w ere  t h e  u s e  o f  t e t r a h y d r o x y q u i n o n e  a s  a n  e x t e r n a l  i n d i c a t o r
(a  s p o t  t e s t  on f i l t e r  p a p e r ) , t h e  u s e  o f  a  s t a n d a r d
51c o l o r  f i l t e r  o f  t h e  same s h a d e  a s  t h e  e n d  p o i n t ,  t h e
52a d d i t i o n  o f  a  s m a l l  amount  o f  s i l v e r  n i t r a t e ,  a n d  t h e
a d d i t i o n  o f  an  i n e r t  b l u e  dye s u c h  a s  x y l e n e  c y a n o l  FF,
53i n d i g o  c a r m i n e ,  o r  m e t h y l e n e  b l u e .
I t  was t o  be t w e n t y  y e a r s  a f t e r  S c h r o e d e r ' s  i n t r o d u c ­
t i o n  o f  t e t r a h y d r o x y q u i n o n e  b e f o r e  a n o t h e r  i n d i c a t o r  was
54t o  be i n t r o d u c e d .  I n  1954 ,  F r i t z  a n d  F r e e l a n d ^  p r o p o s e d
t h e  u se  o f  A l i z a r i n  Red S ( so d iu m  a l i z a r i n - 3 - s u l f o n a t e )
f o r  t h e  d i r e c t  t i t r a t i o n  o f  m acro  q u a n t i t i e s  o f  s u l f a t e .
S i n c e  A l i z a r i n  Red S fo rm e d  a  weak c om p lex  w i t h  b a r i u m ,
i t  f u n c t i o n e d  a s  a n  a d s o r p t i o n  i n d i c a t o r  a t  t h e  end  o f  t h e
s u l f a t e  t i t r a t i o n .  The p r o c e d u r e  was c a r r i e d  o u t  i n  a
JO-kOfo a l c o h o l  medium a t  a  pH o f  J . 0 - 3 * 5  w i t h  b a r iu m  c h l o r i d e
o r  p e r c h l o r a t e  a s  t h e  t i t r a n t .  The e n d  p o i n t  was m ark e d
by a  c o l o r  c h a n g e  f rom  y e l l o w  t o  p i n k .  I n t e r f e r i n g  c a t i o n s
s u c h  a s  a lu m in u m ,  i r o n ( l l )  a n d  ( I I I ) ,  b e r y l l i u m ,  t i n ,
t h o r i u m ,  z i r c o n i u m ,  c o p p e r ,  a n d  t h e  u r a n y l  i o n  c o u l d  be
rem oved  t h r o u g h  t h e  u s e  o f  a  c a t i o n  e x c h a n g e  co lu m n .
The n e e d  t o  d e t e r m i n e  s m a l l  q u a n t i t i e s  o f  s u l f a t e  l e d  
5 5F r i t z  a n d  Yamamura-'-'  t o  u s e  T h o r i n  [ 2  ( 2 - h y d r o x y - 3 , 6 - d i s u l f o -
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1 - n a p h t h y l a z o ) b e n z e n e a r s o n i c  a c i d ]  a s  a n  i n d i c a t o r .  The 
t i t r a t i o n  w i t h  b a r i u m  p e r c h l o r a t e  was c a r r i e d  o u t  i n  80% 
e t h a n o l  s o l u t i o n  a t  a n  a p p a r e n t  pH o f  2 . 5 - ^ * 0  w i t h  
t h e  e n d  p o i n t  b e i n g  a  c o l o r  c h a n g e  f rom  y e l l o w  t o  p i n k .  
P h o s p h a t e  a n d  s u l f i t e  i n t e r f e r e d .  I n t e r f e r i n g  c a t i o n s  w ere  
rem oved  b y  i o n  e x c h a n g e .  The m e th o d  was a b l e  t o  d e t e r m i n e  
s u l f a t e  c o n c e n t r a t i o n s  a s  low  a s  10 ppm i n  a b o u t  f i v e  
m i n u t e s .
M e n i s ,  M an n ing  a n d  B a l l 3 d e v e l o p e d  a n  a u t o m a t e d  
s u l f a t e  p r o c e d u r e  b a s e d  on t h e  ab o v e  m e th o d .  They a t t a c h e d  
a  t i t r a t i o n  f e e d  a s s e m b l y  t o  a  r e c o r d i n g  s p e c t r o p h o t o m e t e r  
w h ic h  was s e t  t o  r e c o r d  a t  a  f i x e d  w a v e l e n g t h  ( 5 2 0  nm ) 
a n d  a  c o n s t a n t  s p e e d .  As t h e  t i t r a n t  was s l o w l y  a d d e d ,  
t h e  a b s o r b a n c e  o f  t h e  s a m p le  s o l u t i o n  was m e a s u r e d  a n d  t h e  
e n d  p o i n t  was d e t e r m i n e d  f ro m  t h e  r e c o r d e d  c u r v e .  By 
c a r r y i n g  o u t  t h e  t i t r a t i o n  i n  a n  i s o - a m y l  a l c o h o l - m e t h a n o l -  
w a t e r  medium, t h e y  w ere  a b l e  t o  d e t e r m i n e  6 - 5 0  pg  o f  
s u l f a t e .
cn
Markova  p r o p o s e d  t o  u s e  s t i l b n a p h t h a z o  [ ^ , V - b i s -  
( 2 - h y d r o x y - l - n a p h t h y l a z o ) s t i l b e n e - 2 , 2 ' - d i s u l f o n i c  a c i d ]  a s  
t h e  i n d i c a t o r .  I n  a n  a c e t o n e - w a t e r  medium t h e  e n d  p o i n t
*
H i s t o r i c a l l y  w a v e l e n g t h s  h a v e  b e e n  e x p r e s s e d  i n  t e r m s  
o f  m i l l i m i c r o n s  (mp) ,  b u t  t h e  c u r r e n t  c o n v e n t i o n  u s e d  t h e  
t e r m  n a n o m e t e r s  (run). Hence f o r  t h e  r e m a i n d e r  o f  t h i s  d i s ­
s e r t a t i o n ,  w a v e l e n g t h s  w i l l  be e x p r e s s e d  a s  n a n o m e t e r s  (nm).
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was a  c o l o r  c h a n g e  f rom  r o s e  t o  b l u e  g r e e n .
The s t r u c t u r e s  o f  t h e s e  l a s t  two i n d i c a t o r s  showed a 
nu m ber  o f  s i m i l a r i t i e s .  S e v e r a l  r e s e a r c h e r s  o b s e r v e d  t h i s  
a n d  a t t e m p t e d  t o  s y n t h e s i z e  a  new m e t a l l o i n d i c a t o r  f o r  u se  
i n  s u l f a t e  t i t r a t i o n s  w h i c h  w o u ld  be more s e n s i t i v e  a n d  
p o s s i b l y  more s e l e c t i v e  t o  b a r i u m .  The r e s u l t  was a  s e r i e s  
o f  b i s ( p h e n y l a z o ) d e r i v a t i v e s  o f  c h r o m o t r o p i c  a c i d  
( F i g u r e  l ) ,  t h a t  c o u l d  be u s e d  a s  i n d i c a t o r s  t h r o u g h  
t h e i r  f o r m a t i o n  o f  b a r i u m  c o m p l e x e s . ^ ^
T h ese  i n d i c a t o r s  c o u l d  be e x p e c t e d  t o  r e a c t  s i m i l a r l y  
s i n c e  t h e y  hav e  t h e  same b a s i c  s t r u c t u r e  ( F i g u r e  l ) .  M in o r  
v a r i a t i o n s  i n  c o l o r  c h a n g e s ,  p H ' s  a n d  r e a c t i o n  medium were  
o b s e r v e d .  The c o l o r  c h a n g e  f ro m  t h e  u n c o m p le x e d  f o r m s  t o  
t h e  c o m p le x e d  f o r m s  r a n g e d  f rom  r o s e  o r  v i o l e t  s h a d e s  t o  
b l u e ,  b l u e - v i o l e t ,  o r  g r e e n  s h a d e s .  S u l f a t e  t i t r a t i o n s  
u s u a l l y  r e q u i r e d  a  pH o f  b e t w e e n  3 a n d 6 ,  a n d  t h e  p r e s e n c e  
o f  a n  o r g a n i c  s o l v e n t ,  u s u a l l y  a c e t o n e  o r  e t h a n o l .  Bar ium  
c h l o r i d e ,  b a r i u m  p e r c h l o r a t e  o r  b a r i u m  n i t r a t e  was u s e d  a s  
t h e  t i t r a n t .  T a b l e  2 l i s t s  t h e  r e a c t i o n  c o n d i t i o n s  f o r  
s p e c i f i c  i n d i c a t o r s .
A l t h o u g h  t h e s e  i n d i c a t o r s  w e re  more s e n s i t i v e  t h a n  
o t h e r s ,  t h e y  w ere  n o t  s e l e c t i v e .  O t h e r  m e t a l  i o n s  ( i . e .  
b e r y l l i u m ,  c a l c i u m ,  l e a d ,  a lu m in u m ,  t h o r i u m ,  c o p p e r ,  n i c k e l ,  
c o b a l t ,  z i n c ,  i r o n ( I I )  a n d  o t h e r s )  i n t e r f e r e d ,  b u t  t h e s e  
c o u l d  be r em oved  w i t h  a n  i o n  e x c h a n g e  c o lu m n .  P h o s p h a t e  
seem ed t o  i n t e r f e r e  w i t h  many o f  t h e  i n d i c a t o r s .
FIGURE 1
STRUCTURE OF 
METALLOINDICATORS DERIVED FROM 
BIS(PHENYLAZO)CHROMOTROPIC ACID
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N =  N N=N
SO,H
BIS(PHENYLAZO)CHROMOTROPIC ACID
REAGENT X Y Z
a )  C a r b o x y a r s e n a z o -COOH -A s 03H2 - h
b )  A r s e n a z o  I I I -AsO^Hg - h
c )  O r t h a n i l  K -SO^H -COOH -H
d) S u l f o n a z o  I I I - s o 3 h - s o 3 h -H
e )  D i n i t r o s u l f o n a z o  I I I - s o 3 h - s o 3 h -NO
o r  N i t c h r o m a z o
f )  D i m e t h y l s u l f o n a z o  I I I - s o 3 h - s o 3 h -CH.
g )  D i b r o m o s u l f o n a z o  I I I - s o 3 h - s o 3 h - B r
h )  C h l o r o p h o s p h o n a z o  I I I - P ° 3 h 2 - p o 3 h2 - C l
TABLE 2
METALLOINDICATORS DERIVED FROM BIS(PHENYLAZO)CHROMOTROPIC ACID
REACTION CONDITIONS
REAGENT COLORCHANGE pH TITRANT
SULFATE
RANGE REF.
C a r b o x y a r s e n a z o  
A r s e n a z o  I I I  
S u l f o n a z o  I I I C 
O r t h a n i l  Ka ’^ 
D i n i t r o s u l f o n a z o  I I I a
D i m e t h y l s u l f o n a z o  I I I
D ib r o m o s u l f o n a z o  I I I
C h l o r o p h o s p h o n a z o  I I I
c r i m s o n -
b l u e
r o s e -
b l u e
r e d -
b l u e
l i l a c -  
b l u e  g r e e n
v i o l e t -
b l u e
r e d -  
b l u e  g r e e n
r e d -
b l u e
r e d -
b l u e
5-5-5.6
b - 6  
2 -8  
A- 7 
2
a c i d i c
a c i d i c
a c i d i c
Ba(N03)2
BaCl2




B a (C 1 0 ^ )2
B a (C 1 0 ^ )2
5 - 5 0 0  m g / l
5 0 - 2 0 0  pg
>1 mg 
>1 . 5  fig/ml 
p g /m l  
> 1 . 0  mg 
> 1 . 0  mg 
> 1 . 0  mg
5 9 .  60,  
61
5 8 , 62
58. 59
5 8, 62 
63





T i t r a t i o n  medium: a 50% a c e t o n e  o r  e t h a n o l ;  80-85% a c e t o n e ;  50% a c e t o n e
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Barium was n o t  t h e  o n l y  c a t i o n  u s e d  t o  d e t e r m i n e
s u l f a t e .  A num ber  o f  i n v e s t i g a t o r s  hav e  a t t e m p t e d  t o  u se
l e a d  e v en  t h o u g h  l e a d  s u l f a t e  i s  much more s o l u b l e  t h a n
b a r i u m  s u l f a t e  (^+2.5 m g / l  a t  2 5 °  co m p a red  t o  2 . 2  m g / l  a t  
A
18 ) .  As w i t h  b a r i u m ,  b o t h  d i r e c t  an d  i n d i r e c t  m e th o d s  
w ere  d e v e l o p e d .
One o f  t h e  f i r s t  i n d i r e c t  m e th o d s  was p r o p o s e d  by Oddo 
a n d  B e r e t t a . ^  The s u l f a t e  was p r e c i p i t a t e d  w i t h  l e a d  
n i t r a t e  a n d  f i l t e r e d .  The e x c e s s  l e a d  was t i t r a t e d  w i t h  
p o t a s s i u m  c h r o m a te  u s i n g  a n  e x t e r n a l  i n d i c a t o r  c o n s i s t i n g  
o f  a  f i l t e r  p a p e r  w h i c h  h a d  b e e n  d i p p e d  i n  a n  a c e t i c  a c i d  
s o l u t i o n  o f  d i p h e n y l c a r b a z o n e , C0(NHNHPh)2 . At t h e  end  
p o i n t ,  t h e  s l i g h t  e x c e s s  o f  c h r o m a te  p r o d u c e d  a  v i o l e t
s t a i n  on t h e  f i l t e r  p a p e r .
6P>F i n c h  p r e c i p i t a t e d  t h e  s u l f a t e  w i t h  an  e x c e s s  o f
l e a d  a c e t a t e .  A f t e r  f i l t r a t i o n ,  t h e  e x c e s s  l e a d  i n  t h e
f i l t r a t e  was t i t r a t e d  w i t h  ammonium m o ly b d a t e  [ (NH^
u s i n g  t a n n i n  a s  a n  i n d i c a t o r .
The u s e  o f  t h e  l i g h t - e m i t t i n g  i n d i c a t o r ,  s i l o x e n e ,
69was p r o p o s e d  by  Kenny a n d  c o w o r k e r s .  7 A f t e r  p r e c i p i t a t i n g  
s u l f a t e  w i t h  an  e x c e s s  o f  l e a d  n i t r a t e ,  t h e  l e a d  was 
t i t r a t e d  w i t h  s t a n d a r d  p o t a s s i u m  c h r o m a t e .  At t h e  end  
p o i n t ,  t h e  e x c e s s  c h r o m a te  b r o u g h t  a b o u t  a  c h an g e  i n  
p o t e n t i a l  i n  t h e  s o l u t i o n ,  c a u s i n g  t h e  s i l o x e n e  t o  e m i t  
l i g h t .  By d o i n g  t h e  t i t r a t i o n  i n  a  d a r k  c h a m b e r ,  t h e
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e m i t t e d  l i g h t  c o u l d  be m e a s u r e d  by  a  p h o t o m e t e r .  The 
p h o t o m e t e r  r e a d i n g  t h a t  s i g n i f i e d  t h e  e nd  p o i n t  was p r e ­
d e t e r m i n e d  by  t i t r a t i n g  a  s t a n d a r d  s u l f a t e  s o l u t i o n  and  
o b s e r v i n g  t h e  r e a d i n g  a t  t h e  s t o i c h i o m e t r i c  p o i n t  o f  t h e  
t i t r a t i o n .
E t h y l e n e d i a m i n e t e t r a a c e t i c  a c i d  (EDTA) was u s e d  by 
70O d l e r  and  G e b a u e r  f o r  two s l i g h t l y  d i f f e r e n t  l e a d  p r o ­
c e d u r e s .  I n  b o t h  p r o c e d u r e s ,  t h e  s u l f a t e  was p r e c i p i t a t e d  
w i t h  l e a d  a c e t a t e  a n d  was f i l t e r e d .  The f i r s t  p r o c e d u r e  
d i s s o l v e d  t h e  p r e c i p i t a t e  i n  so d ium  a c e t a t e ,  
an d  t i t r a t e d  t h e  l e a d  w i t h  EDTA i n  t h e  p r e s e n c e  o f  X y l e n o l  
O ra n g e .  The s e c o n d  p r o c e d u r e  i n v o l v e d  t i t r a t i n g  t h e  e x c e s s
l e a d  i n  t h e  f i l t r a t e  w i t h  EDTA a n d  X y l e n o l  O range  i n d i c a t o r .  
71R i e g o '  d e s c r i b e d  a n o t h e r  EDTA-lead  p r o c e d u r e .  The 
s u l f a t e  was p r e c i p i t a t e d  w i t h  l e a d  a c e t a t e  a n d  f i l t e r e d .
I t  was t h e n  d i s s o l v e d  w i t h  e x c e s s  EDTA i n  t h e  p r e s e n c e  o f  
ammonium h y d r o x i d e  a n d  t h e  ammonia-ammonium h y d r o x i d e  
b u f f e r .  The e x c e s s  EDTA was t h e n  t i t r a t e d  w i t h  z i n c  c h l o r ­
i d e  t o  t h e  v i o l e t  e n d  p o i n t  o f  E r io c h r o m e  B la c k  T.
A num ber  o f  r e s e a r c h e r s  p r o p o s e d  t h e  d i r e c t  t i t r a t i o n  
o f  s u l f a t e  w i t h  l e a d  n i t r a t e ,  u s i n g  a  w ide  v a r i e t y  o f
i n d i c a t o r s .  The a p p e a r a n c e  o f  a  y e l l o w  c o l o r  due t o  l e a d
72 73i o d i d e  was u s e d  a s  t h e  i n d i c a t o r .  E o s i n  J c h a n g e d  f rom  
i t s  y e l l o w i s h  f l e s h  c o l o r  t o  t h e  r e d  c o l o r  o f  i t s  l e a d
Oh,
s a l t  a t  t h e  e nd  p o i n t .  D i p h e n y l c a r b a z o n e  was a p p l i c a b l e  
t o  t h e  d i r e c t  t i t r a t i o n s  due  t o  t h e  f o r m a t i o n  o f  a  p a l e
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r o s e  c o l o r e d  c o m p le x  w i t h  l e a d  a t  a  pH o f  4 . 0 - 5 * 6  . i n  a 
50% i s o p r o p a n o l  s o l u t i o n  a t  a  pH o f  6 ,  PAR [ 4 - ( 2 - p y r i d y l -  
a z o ) r e s o r c i n o l ]  was u s e d  a s  t h e  i n d i c a t o r . 1̂
The u se  o f  d i t h i z o n e  a s  a n  i n d i c a t o r  h a s  b e e n  s u g g e s t e d
by s e v e r a l  r e s e a r c h e r s .  D i t h i z o n e ,  w h ic h  h a s  a  g r e e n  c o l o r
i n  a c e t o n e ,  fo rm s  a  b r i g h t  r e d  com p lex  w i t h  l e a d  i n  a c i d i c
r?
s o l u t i o n s  ( a p p r o x i m a t e l y  pH 3)* N e c h i p o r e n k o '  t i t r a t e d  
s u l f a t e  d i r e c t l y  w i t h  l e a d  n i t r a t e  i n  a  30-40% a c e t o n e  
medium, a f t e r  a d d i n g  a  s p e c i f i e d  am ount  o f  h y d r o c h l o r i c  
a c i d .  He was a b l e  t o  d e t e r m i n e  a s  l i t t l e  a s  25 m g / l .
C a lc iu m  i n t e r f e r e d  and  h a d  t o  be rem oved  u s i n g  i o n  e x c h a n g e .
77Navone s u g g e s t e d  t h e  u s e  o f  t h e  r e v e r s e  t i t r a t i o n  
( i . e .  t i t r a t i n g  s t a n d a r d  l e a d  s o l u t i o n  w i t h  a  s u l f a t e  
s o l u t i o n ) .  S i n c e  e t h a n o l  was u s e d  a s  t h e  s o l v e n t ,  
t h e  c o l o r  c h a n g e  was f ro m  t h e  r e d  l e a d  d i t h i z o n a t e  t o  t h e  
b l u e  c o l o r  o f  t h e  f r e e  i n d i c a t o r .  T h i s  m e th o d  r e q u i r e d  
two t i t r a t i o n s ,  one w i t h  t h e  unknown s u l f a t e  s o l u t i o n  and  
one w i t h  a  s t a n d a r d  s u l f a t e  s o l u t i o n  o f  a p p r o x i m a t e l y  t h e  
same c o n c e n t r a t i o n  a s  t h e  unknown. C a lc iu m  an d  p h o s p h a t e  
w ere  b o t h  f o u n d  t o  i n t e r f e r e .
Niwa a n d  P a r r y '  u s e d  a  p r o c e d u r e  s i m i l a r  t o  N e c h i p o r -  
e n k o ' s ,  b u t  w i t h  a  m o d i f i c a t i o n  i n  t h e  d e t e c t i o n  o f  t h e  end  
p o i n t .  The s t a n d a r d  l e a d  s o l u t i o n  was a d d e d  t o  t h e  a c i d ­
i f i e d  s u l f a t e  s a m p le  i n  s m a l l  i n c r e m e n t s  a n d  t h e  a b s o r b a n c e  
o f  t h e  s o l u t i o n  was m e a s u r e d  w i t h  a  p h o t o m e t e r  a t  6 2 0  nm.
The r e s u l t s  were  p l o t t e d  a n d  t h e  e nd  p o i n t  l o c a t e d  g r a p h ­
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i c a l l y .  By u s i n g  t h e  p h o t o m e t r i c  end  p o i n t  a nd  an  8 0 /
a c e t o n e  medium, Niwa a n d  P a r r y  w ere  a b l e  t o  d e t e r m i n e  a s
l i t t l e  a s  20 m g / l  o f  s u l f a t e .  Some c a t i o n s ,  p e r c h l o r a t e ,
h y d r o g e n  p e r o x i d e ,  a n d  h i g h  c o n c e n t r a t i o n s  o f  c h l o r i d e
i n t e r f e r e d  w i t h  t h e  m e th o d .
B ar ium  a n d  l e a d  seemed t o  be t h e  o n l y  two i n o r g a n i c
s p e c i e s  t h a t  h av e  b e e n  u s e d  f o r  t i t r i m e t r i c  d e t e r m i n a t i o n s
no
o f  s u l f a t e .  I n  1915> B r u c k m i l l e r  y p r o p o s e d  t h e  u s e  o f  
t h e  o r g a n i c  compound b e n z i d i n e  h y d r o c h l o r i d e  t o  d e t e r m i n e  
s u l f a t e  i n  w a t e r .  The s u l f a t e  was p r e c i p i t a t e d  a s  t h e  
b e n z i d i n e  s u l f a t e ,  f i l t e r e d  o f f ,  s u s p e n d e d  i n  w a t e r ,  and  
t i t r a t e d  w i t h  s t a n d a r d  so d ium  h y d r o x i d e  i n  t h e  p r e s e n c e  o f  
p h e n o l p h t h a l e i n .  I r o n ( l l l )  i n t e r f e r e d  b u t  was e a s i l y  
rem oved  by  r e d u c t i o n  t o  i r o n ( I l )  w i t h  h y d r o x y l a m i n e  h y d r o ­
c h l o r i d e  b e f o r e  t h e  s u l f a t e  was p r e c i p i t a t e d .
The m a j o r  d r a w b a c k  t o  t h e  b e n z i d i n e  m eth o d  was t h e
s i g n i f i c a n t  s o l u b i l i t y  o f  b e n z i d i n e  s u l f a t e ,  98 m g / l  a t  
o 8025 • S e v e r a l  a t t e m p t s  w ere  made t o  m in i m iz e  t h i s  p r o b l e m .
S2" S t a n d a r d  M e th o d s '  recommended a f t e r  f i l t r a t i o n  t h a t  t h e  
b e n z i d i n e  s u l f a t e  p r e c i p i t a t e  be w a sh e d  w i t h  a  s a t u r a t e d  
s o l u t i o n  o f  b e n z i d i n e  s u l f a t e  i n s t e a d  o f  w i t h  p l a i n  d i s t i l l e d  
w a t e r ,  i n  o r d e r  t o  p r e v e n t  t h e  d i s s o l u t i o n  o f  t h e  p r e c i p i -
Q A
t a t e d  s u l f a t e .  M c C o nn e l l  a n d  I n g o l s  c h o s e  t o  r e f r i g e r a t e  
t h e  sa m p le  a f t e r  t h e  a d d i t i o n  o f  t h e  b e n z i d i n e  h y d r o c h l o r i d e , 
a n d  t o  wash  t h e  f i l t e r e d  p r e c i p i t a t e  w i t h  i c e d  d i s t i l l e d  
w a t e r .  A c c o r d i n g  t o  M c C on n e l l  a n d  I n g o l s ,  t h e i r  p r o c e d u r e
3^
im p ro v e d  t h e  b e n z i d i n e  m e th o d  by  i n c r e a s i n g  t h e  c o n c e n t r a ­
t i o n  r a n g e  f rom  1 2 0 - 5 0 0  ppm t o  2 . 0 - ^ 0 0  ppm.
O n  O p  Q p
B e l c h e r  and  c o w o r k e r s  ' ' ^ a t t e m p t e d  t o  f i n d  new
o r g a n i c  r e a g e n t s  t h a t  w o u ld  have  l e s s  s o l u b l e  s u l f a t e s  t h a n  
b e n z i d i n e .  A l t h o u g h  t h e y  s u c c e s s f u l l y  p r o d u c e d  a  nu m b er  
o f  new r e a g e n t s ,  t h e y  a p p l i e d  o n l y  two o f  them  t o  t i t r i m e t -  
r i c  s u l f a t e  d e t e r m i n a t i o n s .  Those  two w ere  - d i a m i n o -
t o l a n e  w i t h  a  s o l u b i l i t y  o f  59 m g / l  a t  2 5 °  a nd  4 - a m i n o - V -  
c h l o r o d i p h e n y l  w i t h  a  s o l u b i l i t y  o f  15 m g / l  a t  2 5 ° •  The 
recommended s u l f a t e  p r o c e d u r e s  w ere  v e r y  s i m i l a r  t o  t h e  
b e n z i d i n e  p r o c e d u r e .  The s u l f a t e  was p r e c i p i t a t e d ,  f i l t e r e d ,  
w a s h e d ,  d i s s o l v e d  o r  s u s p e n d e d  i n  w a t e r ,  a n d  t i t r a t e d  w i t h  
sod ium  h y d r o x i d e  u s i n g  p h e n o l p h t h a l e i n  o r  a  m ix e d  i n d i c a t o r  
o f  p h e n o l  r e d  a n d  b ro m o th y m o l  b l u e .  P h o s p h a t e  a n d  a lum inum  
i n t e r f e r e d  w i t h  b o t h  p r o c e d u r e s .  The s e n s i t i v i t y  o f  t h e  
two m e th o d s  was 10 mg s u l f a t e  a n d  2 . 5  mg s u l f a t e  r e s p e c t ­
i v e l y .
The t i t r i m e t r i c  s u l f a t e  m e th o d s  d i s c u s s e d  t h u s  f a r  
have  r e q u i r e d  t h e  p r e c i p i t a t i o n  o f  a  s u l f a t e  compound. 
However,  a  few m e th o d s  h a v e  b e e n  d e v i s e d  w h ic h  do n o t  
i n v o l v e  p r e c i p i t a t i o n .
A num ber  o f  me t h o d s ®^ ’ u t i l i z e d  t h e  r e d u c t i o n  
o f  s u l f a t e  t o  h y d r o g e n  s u l f i d e .  A l l  t h e  m e th o d s  were  
b a s i c a l l y  t h e  same w i t h  m i n o r  m o d i f i c a t i o n s  i n  t h e  e q u i p ­
m e n t ,  t h e  r e d u c t i o n  m i x t u r e ,  t h e  a b s o r b i n g  s o l u t i o n ,  o r  
t h e  f i n a l  t i t r a t i o n  m e th o d .  The sa m p le  was p l a c e d  i n  a
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r e a c t i o n  v e s s e l  a n d  t h e  r e d u c t i o n  r e a g e n t s  were  a d d e d .
Among t h e  r e d u c t i o n  m i x t u r e s  t r i e d  w ere  a  t i n ( I I ) - p h o s -
p h o r i c  a c i d  m i x t u r e  a n d  a  m i x t u r e  o f  h y d r o i o d i c  a c i d ,  hy po -
p h o s p h o r o u s  a c i d  a n d  h y d r o c h l o r i c  a c i d .  A f t e r  t h e  r e d u c t i o n
r e a c t i o n  b e g a n ,  t h e  h y d r o g e n  s u l f i d e  p r o d u c e d  was a b s o r b e d
i n  an  a p p r o p r i a t e  s o l u t i o n  f o r  a  s u b s e q u e n t  t i t r i m e t r i c
d e t e r m i n a t i o n .
E. R ancke -M ad sen  a b s o r b e d  t h e  h y d r o g e n  s u l f i d e  m
an i o d i n e  s o l u t i o n ,  p r e p a r e d  w i t h  p o t a s s i u m  i o d a t e ,
p o t a s s i u m  i o d i d e ,  cadmium s u l f a t e  a n d  h y d r o c h l o r i c  a c i d .
The i o d i n e  a n d  h y d r o g e n  s u l f i d e  r e a c t e d  t o  fo rm  s u l f u r
a n d  i o d i d e .  The e x c e s s  i o d i n e  was t h e n  t i t r a t e d  w i t h  sod ium
t h i o s u l f a t e  i n  t h e  u s u a l  m a n n e r .
K ib a  a n d  c o w o rk e r s ® ^  c h o s e  t o  a b s o r b  t h e  h y d r o g e n
s u l f i d e  i n  a  s o l u t i o n  o f  z i n c  a c e t a t e  a n d  a c e t i c  a c i d ,
8 6w h i l e  V o lkov  a n d  O s troum ov  c h o s e  t o  u s e  cadmium a c e t a t e  
a s  t h e  a b s o r b i n g  s o l u t i o n .  I n  b o t h  c a s e s ,  a  s t a n d a r d  
i o d i n e  s o l u t i o n  was a d d e d  t o  t h e  a b s o r b i n g  s o l u t i o n  a n d
t h e  e x c e s s  i o d i n e  was d e t e r m i n e d .
8 7
A r c h e r  u s e d  a n  a b s o r b i n g  s o l u t i o n  o f  sod ium  h y d r o x i d e  
a n d  a c e t o n e  w i t h  a  few m ic r o g r a m s  o f  d i t h i z o n e  a d d e d .  The 
r e s u l t i n g  s u l f i d e  s o l u t i o n ,  w h ic h  i s  y e l l o w ,  was t i t r a t e d  
w i t h  m e r c u r i c  o r  cadmium a c e t a t e .  The e n d  p o i n t  was 
i n d i c a t e d  by  t h e  a p p e a r a n c e  o f  a  b r i g h t  r e d  c o l o r  due t o  
t h e  f o r m a t i o n  o f  t h e  m e t a l  d i t h i z o n a t e .  A l t h o u g h  an  
i n s o l u b l e  s u l f i d e  was f o r m e d ,  i t  d i d  n o t  mask t h e  c o l o r
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c h an g e  o f  t h e  d i t h i z o n e .
One o t h e r  v e r y  u n i q u e  t i t r i m e t r i c  m eth o d  f o r  d e t e r -
88m i n i n g  s u l f a t e s  h a s  b e e n  p r o p o s e d .  Dol lman d e t e r m i n e d  
t h e  s u l f a t e  a s  s u l f u r i c  a c i d .  The sam ple  was p a s s e d  
t h r o u g h  a  c a t i o n i c  e x c h a n g e  co lu m n  i n  t h e  h y d r o g e n  fo rm .  
The e f f l u e n t  was c o l l e c t e d  a n d  e v a p o r a t e d  t o  5 ml.
The sa m p le  was t h e n  p l a c e d  i n  a n  e l e c t r i c  oven  a t  75°  t o  
f i n i s h  t h e  e v a p o r a t i o n .  O r d i n a r y  v o l a t i l e  a c i d s  e x c e p t  
p h o s p h o r i c  a c i d  w e re  d r i v e n  o f f  by  t h i s  e v a p o r a t i o n ,  
l e a v i n g  o n l y  s u l f u r i c  a c i d  i n  t h e  r e s i d u e .  T h i s  r e s i d u e  
was d i s s o l v e d  i n  w a t e r  a n d  t i t r a t e d  w i t h  s t a n d a r d  sod ium  
h y d r o x i d e  u s i n g  b r o m o c r e s o l  g r e e n  a s  t h e  i n d i c a t o r .  
P h o s p h a t e  p r e s e n t e d  t h e  m o s t  s e r i o u s  i n t e r f e r e n c e  t o  t h e  
p r o c e d u r e .
C. C o l o r i m e t r i c  M e th o d s
The e a r l y  d e v e l o p m e n t  o f  s u l f a t e  m e th o d s  was n o t  
l i m i t e d  t o  g r a v i m e t r i c  o r  t i t r i m e t r i c  p r o c e d u r e s .  C o l o r i ­
m e t r i c  p r o c e d u r e s  w ere  a l s o  b e i n g  d e v e l o p e d .  The e a r l y  
c o l o r i m e t r i c  p r o c e d u r e s  r e l i e d  on  t h e  eye  o f  t h e  e x p e r i ­
m e n t e r  t o  make a  v i s u a l  c o m p a r i s o n  b e tw e e n  t h e  sam ple  a nd  
s t a n d a r d  s o l u t i o n s .  W i th  t h e  a d v e n t  o f  vacuum t u b e s ,  
p h o t o m u l t i p l i e r  t u b e s ,  b e t t e r  o p t i c s ,  a n d  some a d v a n c e d  
e l e c t r o n i c  c i r c u i t r y ,  r e s e a r c h e r s  d e v e l o p e d  s p e c t r o p h o t o -  
m e t r i c  i n s t r u m e n t a t i o n  w h i c h  was c a p a b l e  o f  p r o v i d i n g
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u s a b l e  d a t a  w i t h  g r e a t e r  r e p r o d u c i b i l i t y  a n d  s p e e d .
One o f  t h e  e a r l i e s t  c o l o r i m e t r i c  m e th o d s  was p r o p o s e d
89i n  1912 by B r u b a k e r .  The p r o c e d u r e  i n v o l v e d  t h e  m e a s u r e ­
m ent  o f  t h e  am oun t  o f  c h r o m a te  r e l e a s e d  when p u r e  s o l i d  
b a r i u m  c h r o m a te  was a d d e d  t o  a  s u l f a t e  s a m p le .  The b a r i u m  
s u l f a t e  p r e c i p i t a t e  a n d  a n y  r e m a i n i n g  b a r i u m  c h r o m a te  
were  f i l t e r e d  o f f .  The f i l t r a t e  was made a l k a l i n e  and  
was t r a n s f e r r e d  t o  a  c o l o r i m e t e r  c y l i n d e r ,  w h e re  i t  was 
v i s u a l l y  c o m p a red  w i t h  s t a n d a r d  c h r o m a te  s o l u t i o n s .  A 
b l a n k  d e t e r m i n a t i o n  h a d  t o  be made t o  c o r r e c t  f o r  t h e  
s o l u b i l i t y  o f  t h e  b a r i u m  c h r o m a t e .
O t h e r  c h r o m a te  p r o c e d u r e s  were  t o  f o l l o w  B r u b a k e r ' s  
90w o rk .  U rb a ch  c h o s e  t o  d e t e r m i n e  t h e  r e l e a s e d  c h ro m a te  by
r e a c t i n g  i t  w i t h  d i p h e n y l c a r b a z i d e  a n d  m e a s u r i n g  t h e  v i o l e t
91c o l o r  p r o d u c e d .  B a b k in  a n d  c o w o r k e r s  a d d e d  a  b a r iu m
s u l f a t e  s u s p e n s i o n  t o  t h e  sa m p le  a l o n g  w i t h  t h e  b a r iu m
c h ro m a te  t o  e n h a n c e  t h e  c o m p l e t e  p r e c i p i t a t i o n  o f  s u l f a t e .
The a b s o r b a n c e  o f  t h e  r e l e a s e d  c h r o m a te  was m e a s u r e d  i n  a
5 cm c u v e t t e  w i t h  a  p h o t o c o l o r i m e t e r .
92Egami a nd  T a k a h a s h i  p r e c i p i t a t e d  t h e  s u l f a t e  w i t h  
b a r i u m  c h l o r i d e  a n d  f o l l o w e d  t h a t  w i t h  an  a l k a l i n e  s o l u t i o n  
o f  p o t a s s i u m  d i c h r o m a t e  t o  p r e c i p i t a t e  t h e  e x c e s s  b a r i u m .  
A f t e r  a d d i n g  a d d i t i o n a l  b a s e ,  t h e  c h r o m a te  was m e a s u r e d  a t  
375 nm w i t h  1 cm c u v e t t e s .  S u l f a t e  i n  t h e  r a n g e  o f  3 0 -  
900  jj.g was d e t e r m i n e d  u s i n g  a  s t a n d a r d  c a l i b r a t i o n  c u r v e .  
P h o s p h a t e  i n  l a r g e  q u a n t i t i e s  i n t e r f e r e d .
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93 •I w a s a k i  a n d  c o w o r k e r s  p r o p o s e d  two p o s s i b l e  v a r i a t i o n s
o f  t h e  c h ro m a te  p r o c e d u r e .  A f t e r  p r e c i p i t a t i n g  t h e  s u l f a t e  
w i t h  a  b a r i u m  c h r o m a te  s u s p e n s i o n ,  e t h a n o l  a n d  ammonia 
w a t e r  were  a d d e d  t o  a  pH o f  a b o u t  9*8 a n d  t h e  sa m p le  was 
a l l o w e d  t o  s i t  f o r  t e n  m i n u t e s  b e f o r e  c e n t r i f u g a t i o n .  I f  
t h e  sam ple  c o n t a i n e d  f ro m  2 0 - 1 0 0  ppm, t h e  a b s o r b a n c e  o f  t h e  
r e s u l t i n g  c h r o m a te  s o l u t i o n  was m e a s u r e d  a t  370 nm i n  
5 mm c e l l s .  F o r  s a m p le s  c o n t a i n i n g  l e s s  t h a n  20 ppm, 
d i p h e n y l c a r b a z i d e  a n d  a c i d  w ere  a d d e d  and  t h e  a b s o r b a n c e  
o f  t h e  r e s u l t i n g  v i o l e t - c o l o r e d  s o l u t i o n  was m e a s u r e d  a t  
5^5 nm. L ea d ,  c o p p e r  a n d  p h o s p h a t e  i n t e r f e r e d  w i t h  t h e  
d e t e r m i n a t i o n ,  e v e n  i n  s m a l l  a m o u n t s .
Chrom ate  was n o t  t h e  o n l y  s u b s t a n c e  u s e d  by  e a r l y  
r e s e a r c h e r s  f o r  c o l o r i m e t r i c  d e t e r m i n a t i o n s  o f  s u l f a t e .  
I o k h e l ' s o n ^  p r o p o s e d  t h e  u s e  o f  l e a d  i n  a  r a t h e r  u n i q u e  
m e th o d .  The s u l f a t e  was p r e c i p i t a t e d  a s  l e a d  s u l f a t e ,  
f i l t e r e d ,  w a s h e d ,  a n d  d i s s o l v e d  i n  sod ium  h y d r o x i d e .  Sodium 
s u l f i d e  was a d d e d  a n d  t h e  s o l u t i o n  was s h a k e n .  The y e l l o w ­
i s h - b r o w n  c o l o r  fo rm ed  was v i s u a l l y  co m p a red  t o  a  l e a d
s t a n d a r d  p r e p a r e d  i n  a  s i m i l a r  m a n n e r .
9 SK l e i n  ^ c h o s e  t o  u s e  b e n z i d i n e  i n  h i s  p r o c e d u r e .  The 
s u l f a t e  was p r e c i p i t a t e d  a s  b e n z i d i n e  s u l f a t e ,  w ash ed  
s e v e r a l  t i m e s  t o  p u r i f y ,  a n d  t h e n  r e d i s s o l v e d  i n  a c i d .
Through  a  s e r i e s  o f  o r g a n i c  r e a c t i o n s ,  t h e  b e n z i d i n e  i n  
s o l u t i o n  was d i a z o t i z e d  a n d  c o u p l e d  w i t h  a  r e a g e n t  w h ic h  
r e s u l t s  i n  t h e  f o r m a t i o n  o f  a  v i o l e t  c o l o r .  The am oun t  o f
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c o l o r  p r o d u c e d  was r e a d  w i t h  a  p h o t o e l e c t r i c  c o l o r i m e t e r  
u s i n g  a  g r e e n  f i l t e r .  S i n c e  t h e  c o l o r  f o l l o w e d  B e e r ' s  l aw ,  
a  s t a n d a r d  c o u l d  be  r u n  a l o n g  w i t h  t h e  sa m p le  u s i n g  e i t h e r  
a  s t a n d a r d  s u l f a t e  s o l u t i o n  o r  a  s t a n d a r d  b e n z i d i n e  
s o l u t i o n .
The u s e  o f  b a r i u m  c h r o m a te  i n  a  c o l o r i m e t r i c  m e th o d
was t o  be t h e  o n l y  b a r i u m  m e th o d  u n t i l  1957- When
96B e r t o l a c i n i  a nd  B a r n e y  p r o p o s e d  t h e  u s e  o f  b a r i u m  c h l o r -  
a n i l a t e  a s  a  r e a g e n t  f o r  s u l f a t e  d e t e r m i n a t i o n s .  I n  a  
50%> e t h a n o l  medium a t  pH 4 ,  s o l i d  b a r i u m  c h l o r a n i l a t e  
r e a c t e d  w i t h  s u l f a t e  l i b e r a t i n g  a n  e q u i v a l e n t  amount  o f  
c h l o r a n i l a t e  i o n .  The r e d d i s h - p u r p l e  c o l o r  o f  t h e  c h l o r ­
a n i l a t e  i o n  was m e a s u r e d  i n  1 cm c e l l s  a t  530  nm v s .  a  
b l a n k  p r e p a r e d  i n  t h e  same m a n n e r .  The am ount  o f  s u l f a t e  
was d e t e r m i n e d  f ro m  a  s t a n d a r d  c a l i b r a t i o n  c u r v e  c o v e r i n g  
t h e  c o n c e n t r a t i o n  r a n g e  o f  2 - 4 0 0  ppm. S i n c e  c a t i o n s  s u c h  
a s  a lu m in u m ,  c a l c i u m ,  i r o n ,  a n d  l e a d  i n t e r f e r e d ,  t h e  sam ple  
was p a s s e d  t h r o u g h  an  i o n  e x c h a n g e  co lu m n  b e f o r e  t h e  
a d d i t i o n  o f  t h e  b a r i u m  c h l o r a n i l a t e .
97L a t e r  work by  B e r t o l a c i n i  and  B a r n e y  showed t h a t  t h e
c h l o r a n i l a t e  i o n  c o u l d  a l s o  be m e a s u r e d  a t  332 nm. T h i s
w a v e l e n g t h  p r o v e d  t o  be more s e n s i t i v e  t h a n  53°  nm* Hence
s a m p le s  o f  low  s u l f a t e  c o n t e n t  ( a s  l i t t l e  a s  0 . 0 6  ppm)
w ere  b e s t  d e t e r m i n e d  a t  332 nm. G a l e s ,  K a y l o r  a n d  Long-  
98b o t to m  h a v e  a u t o m a t e d  t h e  b a r i u m  c h l o r a n i l a t e  m e th o d  
u s i n g  a  T e c h n i c o n  A u t o a n a l y z e r .  They m e a s u r e d  t h e  a b s o r b -
^0
a n c e  o f  t h e  c h l o r a n i l a t e  i o n  a t  520  nm,
A num b er  o f  t h e  m e t a l l o i n d i c a t o r s  t h a t  w ere  d e v e l o p e d
f o r  u se  i n  s u l f a t e  t i t r a t i o n s  were  f o u n d  t o  be u s a b l e  a s
99c o l o r i m e t r i c  r e a g e n t s .  B u d e s i n s k y  a n d  V r z a l o v a  d e v e l o p e d
a  m eth o d  u s i n g  S u l f o n a z o  I I I  ( s e e  F i g u r e  1 ) .  The s u l f a t e
was p r e c i p i t a t e d  w i t h  a  known c o n c e n t r a t i o n  o f  b a r i u m
s o l u t i o n .  A f t e r  s t a n d i n g  f o r  t w e l v e  h o u r s  an d  f i l t e r i n g ,
t h e  e x c e s s  b a r i u m  i n  s o l u t i o n  was d e t e r m i n e d  by  a d d i n g  a
b u f f e r  a t  pH 2 . ^  a n d  a  s o l u t i o n  o f  S u l f a n a z o  I I I .  The
a b s o r b a n c e  o f  t h e  r e s u l t i n g  b l u e - c o l o r e d  b a r i u m  com p lex
was m e a s u r e d  a t  6 3 8  nm u s i n g  2 cm c e l l s .  S i m i l a r  p r o c e d u r e s
were  d e v e l o p e d  f o r  d i n i t r o s u l f a n a z o  I I I ^ ^  a n d  f o r  a  new
101d e r i v a t i v e ,  c a r b o x y n i t r a z o . I n  e a c h  c a s e ,  i n t e r f e r i n g
c a t i o n s  w ere  rem o v e d  v i a  i o n  e x c h a n g e  b e f o r e  t h e  d e t e r m i n a ­
t i o n  was c a r r i e d  o u t .
A n o t h e r  t i t r a t i o n  i n d i c a t o r ,  T h o r i n ,  was u s e d  by 
102P e r s s o n  i n  a n  a u t o m a t e d  c o l o r i m e t r i c  p r o c e d u r e .  The 
m e th o d  was u s e d  t o  d e t e r m i n e  low  c o n c e n t r a t i o n s  ( 0 - 1 0  f ig /m l )  
o f  s u l f a t e .
The n e e d  f o r  a  s e n s i t i v e ,  f u l l y  a u t o m a t e d  p r o c e d u r e  
f o r  d e t e r m i n i n g  s u l f a t e  l e d  L a z r u s ,  L o r a n g e  a n d  Lodge 
t o  d e v e l o p  a  new c o l o r i m e t r i c  t e s t  u s i n g  t h e  r e a g e n t ,  
m e t h y l t h y m o l  b l u e  (MTB), { 3 » 3 ' - b i s [ N , N - b i s ( c a r b o x y m e t h y l ) -  
a m i n o m e t h y l ] t h y m o l s u l f o n e p h t h a l e i n } . A f t e r  p a s s i n g  t h e  
sa m p le  t h r o u g h  an  i o n  e x c h a n g e  r e s i n  t o  remove i n t e r f e r i n g  
c a t i o n s ,  a n  a l c o h o l i c  s o l u t i o n  c o n t a i n i n g  t h e  barium-MTB
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c o m p lex  ( b r i g h t  o r a n g e  c o l o r )  was a d d e d ,  and  t h e  s o l u t i o n  
was t h o r o u g h l y  m ix e d  t o  a l l o w  c o m p l e t e  p r e c i p i t a t i o n  o f  
b a r i u m  s u l f a t e .  Sodium h y d r o x i d e  was a d d e d  t o  b r i n g  t h e  
pH up t o  1 2 . 8 ,  c a u s i n g  t h e  MTB t o  c h a n g e  c o l o r  t o  b l u e  i n  
t h e  c o m p le x e d  fo rm  w i t h  b a r i u m  o r  g r e y  i n  t h e  u n c o m p le x e d  
fo rm .  The a b s o r b a n c e  o f  t h e  u n c o m p le x e d  MTB was m e a s u r e d  
a t  465 nm. The c o n c e n t r a t i o n  r a n g e  f o r  t h e  m eth o d  was 
0 . 5 - 5 0  ppm, b u t  t h e  r a n g e  c o u l d  be e x t e n d e d  by d i l u t i n g  
t h e  s a m p l e .
Adamski  a n d  V i l l a r d 10^ m o d i f i e d  t h e  a u t o m a t e d  MTB 
m e th o d ,  a p p l i e d  i t  t o  w a t e r  a n d  w a s t e w a t e r  s a m p l e s ,  a n d  
c o m p a red  t h e  MTB m e th o d  t o  t h e  c u r r e n t  r o u t i n e  l a b o r a t o r y  
m e th o d s  f o r  s u l f a t e .  U s in g  a  T e c h n i c o n  A u t o a n a l y z e r ,  t h e y  
e s t a b l i s h e d  t h r e e  c a l i b r a t i o n  r a n g e s  - -  0 - 1 5  ppm, 0 - 5 0  ppm, 
a n d  0 - 2 0 0  ppm. T h e i r  e v i d e n c e  i n d i c a t e d  t h a t  t h e  MTB 
m eth o d  was s a t i s f a c t o r y  f o r  r o u t i n e  d e t e r m i n a t i o n  o f  s u l f a t e .
1 C\£\
McSwain, W a t r o u s ,  a n d  D o u g l a s s  c h a n g e d  t h e  MTB 
m e th o d  by  c h o o s i n g  t o  m e a s u r e  t h e  d e c r e a s e  i n  t h e  b l u e  c o l o r  
o f  t h e  b a r i u m  m e t h y l t h y m o l  b l u e  co m p lex  a t  460 nm.
B ar iu m  was n o t  t h e  o n l y  c a t i o n  u s e d  f o r  t h e  d e t e r m i n a ­
t i o n  o f  s u l f a t e .  I t  was known t h a t  c e r t a i n  c a t i o n s ,  n a m e ly  
t h o r i u m  an d  z i r c o n i u m ,  fo rm e d  s t a b l e  c o m p le x e s  w i t h  s u l f a t e .  
T h ese  c o m p le x e s  w e re  t o  fo rm  t h e  b a s i s  o f  n u m ero u s  c o l o r i ­
m e t r i c  p r o c e d u r e s .
A nu m ber  o f  m e t a l l o i n d i c a t o r s  fo rm e d  d i s t i n c t l y  
c o l o r e d ,  s o l u b l e  c o m p le x e s  w i t h  b o t h  t h o r i u m  a n d  z i r c o n i u m .
4-2
The am ount  o f  s u l f a t e  i n  a  s a m p le  c o u l d  t h u s  be d e t e r m i n e d  
b y  m e a s u r i n g  t h e  d e c r e a s e  i n  t h e  a b s o r b a n c e  o f  t h e  c a t i o n -  
i n d i c a t o r  c o m plex  o r  by  m e a s u r i n g  t h e  i n c r e a s e  i n  a b s o r b a n c e  
o f  t h e  f r e e  i n d i c a t o r .  O t h e r  c a t i o n s  w h ic h  fo rm  c o m p le x e s  
w i t h  t h e  i n d i c a t o r s  i n t e r f e r e d  b u t  c o u l d  be rem oved  w i t h  
a n  i o n  e x c h a n g e  c o lu m n .  P h o s p h a t e  a n d  f l u o r i d e  i n t e r f e r e d  
by  f o r m i n g  c o m p l e x e s  w i t h  t h e  t h o r i u m  a n d  z i r c o n i u m ,  a nd
m us t  be a b s e n t  f r o m  t h e  s a m p l e . Some o f  t h e  i n d i c a t o r s
107 107s u g g e s t e d  w ere  P y r o c a t e c h o l  V i o l e t ,  A l i z a r i n  Red S,
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E r i o c h r o m e c y a n i n e  R, A l i z a r i n ,  A c i d  Chromium Blue
K , 10^ a n d  SPADNS £4-, 5 - d i h y d r o x y - 3 ~ [ ( p - s u l f o p h e n y l ) a z o ] -
n a p h t h a l e n e - 2 , 7 - d i s u l f o n i c  a c i d  t r i s o d i u m  s a l t } .
Not  a l l  o f  t h e  m e th o d s  p r o p o s e d  a l l o w e d  t h e  u s e  o f
e i t h e r  t h o r i u m  o r  z i r c o n i u m .  Some m e th o d s  r e q u i r e d  t h e
s p e c i f i c  u se  o f  o n l y  one o f  th em .  One o f  t h e s e  m e th o d s  was
110p r o p o s e d  i n  1955 b y  L a m b e r t ,  Y a su da  a n d  G r o t h e e r .  T h e i r
c o l o r i m e t r i c  p r o c e d u r e  u s e d  a  r e a g e n t  c o n t a i n i n g  t h o r i u m  
b o r a t e  t h r e a t e d  w i t h  an  A m a ra n th  d y e .  When t h e  r e a g e n t  
was m ix e d  w i t h  a  s u l f a t e  s o l u t i o n ,  t h e  t h o r i u m  s u l f a t e  
co m p lex  was f o r m e d  r e l e a s i n g  a  p r o p o r t i o n a l  am ount  o f  t h e  
d y e ,  w h ic h  was d e t e r m i n e d  c o l o r i m e t r i c a l l y  a t  521  nm w i t h  
a  1 cm c e l l .  B i c a r b o n a t e ,  f l u o r i d e  a n d  p h o s p h a t e  w ere  t h e  
m o s t  s e r i o u s  i n t e r f e r e n c e s .  The c a l i b r a t i o n  r a n g e  o f  t h e  
m e th o d  was 0-4-00 ppm s u l f a t e .
S e v e r a l  o t h e r  t h o r i u m  m e th o d s  w ere  b a s e d  on  t h e  decompo­
s i t i o n  o r  s u p p r e s s i o n  o f  t h e  c o l o r  o f  a  t h o r i u m - i n d i c a t o r
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c om plex  t h r o u g h  t h e  f o r m a t i o n  o f  t h e  t h o r i u m - s u l f a t e
1 *t *1
c o m p le x .  P a l a t y  d e t e r m i n e d  0 - 5 0  m g / l  s u l f a t e  u s i n g  t h e
i n d i c a t o r ,  X y l e n o l  O ra n g e .  The t h o r i u m - X y l e n o l  Orange
co m p lex  was f o r m e d  a t  pH 1 . 4  a n d  was m e a s u r e d  a t  553 nm
112i n  a  3 cm c e l l .  N asu  d e t e r m i n e d  0 . 2 - 5  ppm s u l f a t e  u s i n g
m o r in  i n  a n  a l c o h o l i c  medium. The a b s o r b a n c e  o f  t h e  t h o r i u m -
m o r in  c o m p lex  was m e a s u r e d  a t  410 nm a g a i n s t  a  r e a g e n t
113b l a n k .  N asu ,  K i t a g a w a  a n d  M ori  c h o s e  t o  u se  f l a v o n o l  
t o  m e a s u r e  s u l f a t e  i n  a m o u n ts  o f  l e s s  t h a n  100 p.g. The 
d e c r e a s e  i n  a b s o r b a n c e  was m e a s u r e d  a t  390  nm w i t h  a  f i n a l  
s o l u t i o n  pH o f  2 . 6 .  I n  a l l  o f  t h e  m e t h o d s ,  p h o s p h a t e  a nd  
f l u o r i d e  w ere  i n t e r f e r e n c e s .
114
Hems, K i r k b r i g h t  a n d  West  d e v e l o p e d  a  m e th o d  u s i n g  
z i r c o n i u m  a n d  m e t h y l t h y m o l  b l u e .  The m e th o d  was b a s e d  on 
t h e  a b i l i t y  o f  s u l f a t e  t o  c a t a l y z e  t h e  s lo w  r e a c t i o n  
b e tw e e n  z i r c o n i u m  a n d  m e t h y l t h y m o l  b l u e  i n  a c i d i c  s o l u t i o n .
A d i r e c t  r e l a t i o n s h i p  b e tw e e n  t h e  am ount  o f  s u l f a t e  a n d  
t h e  f o r m a t i o n  o f  t h e  z i rcon ium -M T B  com plex  e x i s t e d  o v e r  
t h e  s u l f a t e  r a n g e  o f  0 . 1 - 2 . 4  ppm. L a r g e  am o u n ts  o f  s u l f a t e  
i n h i b i t e d  t h e  z i rcon ium -M T B  r e a c t i o n  c o m p l e t e l y  owing t o  
t h e  f o r m a t i o n  o f  t h e  more s t a b l e  z i r c o n i u m - s u l f a t e  c o m p le x .
A d e v e l o p m e n t  t i m e  o f  s i x t y  m i n u t e s  was n e c e s s a r y  b e f o r e  
t h e  a b s o r b a n c e  o f  t h e  c o m p lex  c o u l d  be m e a s u r e d  a t  586 nm 
u s i n g  5 mm s i l i c a  c e l l s .  As e x p e c t e d ,  p h o s p h a t e  a n d  
f l u o r i d e  i n t e r f e r e d .
I r o n  h a s  a l s o  b e e n  u s e d  f o r  d e t e r m i n i n g  s u l f a t e .  The
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f o r m a t i o n  o f  a  s u l f a t e  c o m p lex  w i t h  i r o n ( I I I )  was u s e d  by 
G o g u e l11^ a nd  by Babko and  M a r k o v a . 11^ G oguel  c h o s e  t o  
m e a su re  t h e  i r o n ( I I I )  s u l f a t e  com p lex  d i r e c t l y  a t  a  wave­
l e n g t h  o f  325  nm f o r  s u l f a t e  c o n c e n t r a t i o n s  o f  1 0 -2 00  m g / l  
o r  a t  355 nm f o r  c o n c e n t r a t i o n s  o f  2 0 0 -5 0 0  m g / l .  P h o s p h a t e ,  
f l u o r i d e  and  e x c e s s  i r o n ( I I l )  i n t e r f e r e d .  Babko and  
Markova  c h o s e  a n  i n d i r e c t  p r o c e d u r e  i n  w h ic h  t h e y  a d d e d  
f e r r i c  t h i o c y a n a t e  t o  a  s u l f a t e  sa m p le  a n d  m e a s u r e d  t h e  
a b s o r b a n c e  o f  t h e  r e m a i n i n g  t h i o c y a n a t e  c o m p lex  a t  A-20 nm. 
F l u o r i d e  a n d  i r o n ( I I l )  i n t e r f e r e d .
The c o l o r i m e t r i c  d e t e r m i n a t i o n s  o f  s u l f a t e  were  n o t  
r e s t r i c t e d  t o  t h e  u s e  o f  m e t a l  i o n s .  A n um ber  o f  r e d u c t i o n  
p r o c e d u r e s  w ere  d e v e l o p e d  w h ic h  u t i l i z e d  a  s p e c t r o p h o t o -
m e t r i c  f i n i s h .  One o f  t h e  e a r l i e s t  r e d u c t i o n  m e th o d s  was
117d e v e l o p e d  by S t .  L o r a n t  1 i n  1929* The s u l f a t e  was
r e d u c e d  t o  h y d r o g e n  s u l f i d e  u s i n g  h y d r o i o d i c  a c i d ,  r e d
p h o s p h o r u s  a nd  f o r m i c  a c i d .  The h y d r o g e n  s u l f i d e  was
t r a p p e d  i n  a  z i n c  a c e t a t e  s o l u t i o n  a n d  t r e a t e d  w i t h
f e r r o u s  ammonium s u l f a t e  a n d  p - a m i n o d i m e t h y l a n i l i n e  s u l f a t e
w h ic h  r e s u l t e d  i n  t h e  f o r m a t i o n  o f  m e t h y l e n e  b l u e  a n d
m e t h y l  r e d  i n  a  r a t i o  o f  50 :1*  The sa m p le  was c o m p a red  t o
a  s t a n d a r d  c o n t a i n i n g  t h e  two d y e s  i n  t h e  same r a t i o .
*1 “I ft
J o h n s o n  a n d  N i s h i t a  u s e d  S t .  L o r a n t ' s  m e th od  a f t e r  
m o d i f i y i n g  t h e  a p p a r a t u s  a n d  r e a g e n t s .  They m e a s u r e d  t h e  
m e t h y l e n e  b l u e  a t  6?0  nm w i t h  1 cm c e l l s  o v e r  t h e  r a n g e  o f  
1 -3 0 0  p,g o f  s u l f a t e .  O r g a n ic  s u l f u r  compounds a n d  n i t r a t e
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119i n t e r f e r e d  i n  t h e  d e t e r m i n a t i o n .  G u s t a f s s o n  '  a l s o  u s e d  
t h e  m e t h y l e n e  b l u e  m e th o d  b u t  c h o s e  t o  u se  a  d i f f e r e n t  
r e d u c i n g  m i x t u r e ,  c o n s i s t i n g  o f  h y d r o i o d i c  a c i d  a n d  h y p o -
p h o s p h o r u s  a c i d  i n  a n  a c e t a t e  s o l u t i o n .
120D a v is  a n d  L i n d s t r o m  a l s o  p r o p o s e d  a  r e d u c t i o n  
m e th o d  b u t  u s e d  a  d i f f e r e n t  c o l o r i m e t r i c  f i n i s h .  A m i x t u r e  
o f  h y d r o i o d i c  a c i d ,  a c e t i c  a n h y d r i d e ,  a n d  sod ium  h y p o p h o s -  
p h i t e  was u s e d  t o  r e d u c e  t h e  s u l f a t e ,  a n d  t h e  h y d r o g e n  
s u l f i d e  p r o d u c e d ,  was sw e p t  i n t o  a  s o l u t i o n  c o n t a i n i n g  
f e r r i c  ammonium s u l f a t e ,  1 , 1 0 - p h e n a n t h r o l i n e  a n d  a  c h l o r o -  
a c e t i c  a c i d - c h l o r o a c e t a t e  b u f f e r .  The f e r r i c  i o n  was r e ­
d u c e d  by  t h e  s u l f i d e  t o  f e r r o u s  i o n ,  w h ic h  r e a c t e d  w i t h  t h e  
1 , 1 0 - p h e n a n t h r o l i n e  t o  fo rm  a  b r i g h t  o r a n g e  c o m p le x .  T h i s  
c o m p lex  was m e a s u r e d  a t  510 nm v s .  w a t e r ,  u s i n g  10 cm c e l l s  
f o r  a  0 - 1 0  pg  c a l i b r a t i o n  c u r v e ,  a n d  1 cm c e l l s  f o r  a  0 -1 0 0  
p g  c a l i b r a t i o n  c u r v e .  N i t r i t e  a n d  o t h e r  s u l f u r  c o n t a i n i n g  
compounds i n t e r f e r e d  w i t h  t h e  d e t e r m i n a t i o n .
R e c e n t l y ,  a  n o v e l  r e d u c t i o n  m e th o d  was p r o p o s e d  by
121M a d d a l o n e , M cC lure  a n d  W es t .  S u l f a t e  was p r e c i p i t a t e d
a s  2 - p e r i m id i n y l a m m o n iu m  s u l f a t e ,  w h ic h  was t h e r m a l l y  d e -
*  121  T h i s  compound was o r i g i n a l l y  d e v e l o p e d  by  S t e p h e n ,
who named i t  2 - a m i n o p e r i m i d i n e  s u l f a t e .  T h ese  r e s e a r c h e r s
c h a n g e d  t h e  name t o  p e r im id y la m m o n iu m  s u l f a t e .  A f t e r  f u r t h e r
c o n s i d e r a t i o n  o f  t h e  n o m e n c l a t u r e  r u l e s ,  t h e  compound h a s
b e e n  ren a m ed  2 - p e r i m id i n y l a m m o n iu m  s u l f a t e ,  a n d  t h i s  i s  t h e
name t h a t  w i l l  be u s e d  t h r o u g h o u t  t h e  r e m a i n d e r  o f  t h i s
d i s s e r t a t i o n .
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com posed  i n  a  n i t r o g e n  a t m o s p h e r e  a t  5 0 0 °  t o  y i e l d  s u l f u r  
d i o x i d e .  The s u l f u r  d i o x i d e  was t r a p p e d  a n d  m e a s u r e d  
a c c o r d i n g  t o  t h e  W es t -G aek e  p r o c e d u r e .  More d e t a i l s  on 
t h i s  p r o c e d u r e  w i l l  he  p r o v i d e d  i n  C h a p t e r  I I I .
A c o l o r i m e t r i c  m e th o d  w h ic h  i s  q u i t e  d i f f e r e n t  f rom
a n y  o f  t h o s e  a l r e a d y  m e n t i o n e d ,  was p r o p o s e d  by  O h l w e i l e r  
1 22a n d  M e d i t s c h .  T h e i r  m eth o d  was b a s e d  on t h e  c o l o r
f o rm e d  when s u l f u r i c  a c i d  a n d  s a c c h a r o s e  w ere  h e a t e d .  The 
s u l f u r i c  a c i d  was f o r m e d  b y  p a s s i n g  a  s u l f a t e  sa m p le  
t h r o u g h  a  c a t i o n  e x c h a n g e  c o lu m n .  The r e s u l t i n g  s o l u t i o n  
was e v a p o r a t e d  t o  d r y n e s s  i n  t h e  p r e s e n c e  o f  s a c c h a r o s e  
a n d  h e a t e d  f o r  s i x t y  m i n u t e s  a t  8 5 ° .  The r e s i d u e  was t a k e n  
up i n  10 ml o f  w a t e r  a n d  t h e  b r o w n i s h - y e l l o w  c o l o r  was 
m e a s u r e d  a t  420 nm. The m e th o d  was a p p l i c a b l e  t o  0 - 4 0  ppm 
s u l f a t e .
P. S n e c t r o n h o t o m e t r i c  M e tho d s
A l t h o u g h  c o l o r i m e t r y  i s  p e r h a p s  t h e  m o s t  w i d e l y  known 
a n d  u s e d  s p e c t r o p h o t o m e t r i c  t e c h n i q u e ,  m e th o d s  have  b e e n  
d e v e l o p e d  u t i l i z i n g  o t h e r  s p e c t r o p h o t o m e t r i c  t e c h n i q u e s ,  
s u c h  a s  t u r b i d i m e t r y  o r  n e p h e l o m e t r y , f l a m e  p h o t o m e t r y ,  
a t o m i c  a b s o r p t i o n ,  f l u o r i m e t r y ,  a n d  u l t r a v i o l e t  s p e c t r o ­
s c o p y .  H i s t o r i c a l l y ,  t u r b i d i m e t r i c  m e th o d s  w e re  d e v e l o p e d  
f i r s t  w i t h  o t h e r  m e t h o d s  b e i n g  i n t r o d u c e d  a s  t h e  i n s t r u m e n t -
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a t i o n  a n d  t e c h n i q u e s  became a v a i l a b l e .
The e a r l y  t u r b i d i m e t r i c  m e th o d s  w ere  v e r y  much l i k e  
t h e  e a r l y  c o l o r i m e t r i c  m e t h o d s ,  i n  t h a t  t h e y  r e l i e d  on a 
v i s u a l  c o m p a r i s o n  o f  s a m p le s  a n d  s t a n d a r d s .  As w i t h  c o l o r i ­
m e t r y ,  t h e  d e v e l o p m e n t  o f  r e l i a b l e  i n s t r u m e n t a t i o n  made t h e  
p r o c e d u r e s  f a s t e r  a n d  more r e p r o d u c i b l e .
The first turbidimetric method was published in 1896 
124by J .  I .  D. H i n d s .  He n o t e d  t h a t  when a  s o l u t i o n  o f
b a r i u m  c h l o r i d e  was  a d d e d  t o  a  s u l f u r i c  a c i d  s o l u t i o n  
c o n t a i n e d  i n  a  g r a d u a t e d  g l a s s  c y l i n d e r ,  t h e  f l a m e  o f  a  
c a n d l e  h e l d  u n d e r  t h e  c y l i n d e r  was o b s c u r e d  by  t h e  p r e s e n c e  
o f  t h e  b a r i u m  s u l f a t e  p r e c i p i t a t e .  By a d j u s t i n g  t h e  h e i g h t  
o f  t h e  l i q u i d  i n  t h e  c y l i n d e r ,  he was a b l e  t o  make t h e  
f l a m e  c o m p l e t e l y  i n v i s i b l e .  A d i r e c t  c o r r e l a t i o n  b e tw e e n  
t h e  h e i g h t  o f  t h e  l i q u i d  a n d  t h e  s u l f a t e  c o n t e n t  o f  t h e  
sam ple  was o b s e r v e d  a n d  was e a s i l y  d e t e r m i n e d  u s i n g  a  s e t  
o f  s u l f a t e  s t a n d a r d s .
J a c k s o n '* ' ^  made s e v e r a l  m o d i f i c a t i o n s  t o  H i n d s '  m e th od  
t o  im p rov e  i t s  e a s e  a n d  a c c u r a c y .  D i f f e r e n c e s  i n  t h e  
i n t e n s i t y  o f  t h e  c a n d l e ,  i n  t h e  d i s t a n c e  o f  t h e  c a n d l e  t o  
t h e  b o t t o m  o f  t h e  c y l i n d e r ,  a n d  i n  t h e  d i s t a n c e  o f  t h e  
o b s e r v e r ' s  eye  t o  t h e  t o p  o f  t h e  c y l i n d e r ,  a s  w e l l  a s  
d i f f e r e n t  o b s e r v e r s ,  a f f e c t e d  t h e  r e s u l t s  o b t a i n e d  by  
H i n d s '  m e th o d .  J a c k s o n  d e v i s e d  a  s i m p l e  a p p a r a t u s  w h ic h
k 8
h e l p e d  t o  e l i m i n a t e  some o f  t h e s e  p r o b l e m s .  A s t a n d a r d  
c a n d l e  o f  one c a n d l e  po w er  was p l a c e d  a t  a  g i v e n  d i s t a n c e  
f rom  t h e  b o t to m  o f  t h e  c y l i n d e r ,  a nd  t h e  c y l i n d e r  was h e l d  
i n  p l a c e  by  a  b r a s s  h o l d e r  w h ic h  was p a i n t e d  b l a c k  i n s i d e  
t o  p r e v e n t  r e f l e c t i o n  a n d  w h ic h  h ad  a b r o a d  s h i e l d  n e a r  
t h e  b o t t o m  t o  k e e p  t h e  s t r o n g  l i g h t  o f  t h e  c a n d l e  f rom 
t h e  eye  o f  t h e  o b s e r v e r .  The sa m p le  s o l u t i o n  was f i r s t  
t r e a t e d  w i t h  b a r i u m  c h l o r i d e  t o  p r e c i p i t a t e  b a r i u m  s u l f a t e  
a n d  was t h e n  t r a n s f e r r e d  b e tw e e n  t h e  c y l i n d e r  a n d  a  b e a k e r  
u n t i l  t h e  f l a m e  o f  t h e  c a n d l e  was no l o n g e r  o b s e r v e d .  By 
m e a s u r i n g  t h e  h e i g h t  o f  t h e  s o l u t i o n  a n d  c o m p a r in g  i t  t o  
s t a n d a r d  s a m p l e s ,  t h e  p e r c e n t  s u l f a t e  i n  t h e  sa m p le  was 
c a l c u l a t e d .
The n e x t  m a j o r  im p ro v e m e n t  i n  t h e  t u r b i d i m e t r i c
method didn't appear until 1935. when Sheen, Kahler and 
1 2 6Ross p r o p o s e d  a n  im p ro v e d  p r o c e d u r e  b a s e d  on a  new 
t u r b i d i m e t e r .  A l t h o u g h  t h e  t u r b i d i m e t e r  s t i l l  r e q u i r e d  a  
v i s u a l  c o m p a r i s o n ,  i t  was more c o n v e n i e n t  s i n c e  t h e  sa m p le  
w o u ld  now r e q u i r e  f a r  l e s s  h a n d l i n g .  The a p p a r a t u s  was 
d e s i g n e d  i n  s u c h  a  way t h a t  t h e  sa m p le  s o l u t i o n  was i l l u m ­
i n a t e d  f rom  two d i f f e r e n t  d i r e c t i o n s  by  a  l i g h t  b u l b .  One 
n a r r o w  beam o f  l i g h t  was d i r e c t e d  t h r o u g h  t h e  sam ple  
v e r t i c a l l y  i n t o  a n  eye  p i e c e ,  w h i l e  a  s e c o n d  b r o a d  i l l u m i n ­
a t i o n  o c c u r r e d  f ro m  t h e  s i d e  o f  t h e  s a m p le .  Due t o  t h e  
p r e s e n c e  o f  b a r i u m  s u l f a t e  c r y s t a l s  i n  t h e  s a m p le ,  t h i s  
l a t e r a l  i l l u m i n a t i o n  r e s u l t e d  i n  s c a t t e r e d  l i g h t .  When t h e
^9
a n a l y s t  l o o k e d  t h r o u g h  t h e  ey e  p i e c e ,  she  o b s e r v e d  
l i g h t  o f  two d i f f e r e n t  i n t e n s i t i e s .  By t u r n i n g  a  g r a d u a t e d  
drum knob  c o n n e c t e d  t o  a  s l i t  u n d e r  t h e  s a m p le ,  t h e  i n t e n ­
s i t y  o f  t h e  v e r t i c a l  l i g h t  beam was i n c r e a s e d  o r  d e c r e a s e d  
u n t i l  i t s  i n t e n s i t y  m a tc h e d  t h e  i n t e n s i t y  o f  t h e  s c a t t e r e d  
l i g h t .  The n u m e r i c a l  s e t t i n g  o f  t h e  drum knob was now 
r e a d  a n d  t h e  am ount  o f  s u l f a t e  i n  t h e  sam p le  was d e t e r m i n e d  
u s i n g  s t a n d a r d  c a l i b r a t i o n  c u r v e s  w h ic h  p l o t t e d  s u l f a t e  
c o n c e n t r a t i o n  a g a i n s t  t h e  n u m e r i c a l  s e t t i n g s  o f  t h e  drum 
k n ob .  I n s e r t i o n  o f  d i f f e r e n t  f i l t e r s  b e tw e e n  t h e  s l i t  and  
t h e  sam ple  a l l o w e d  t h e  p r e p a r a t i o n  and  u s e  o f  f o u r  c a l i b r a ­
t i o n  r a n g e s :  0 - 5  ppm, 0 - 1 5  ppm, 0 - 5 0  ppm, and  0 -1 0 0  ppm.
The c o l o r  due t o  i r o n  was t h e  o n l y  n o t a b l e  i n t e r f e r e n c e ,
b u t  c o r r e c t i o n s  c o u l d  be made f o r  i t .
127I n  195^1 Thomas and  C o t t o n  p r o p o s e d  a  t u r b i d i m e t r i c  
m ethod  w h ic h  u t i l i z e d  a  s p e c t r o p h o t o m e t e r ,  t h u s  e l i m i n a t i n g  
t h e  n e e d  f o r  v i s u a l  c o m p a r i s o n s .  The t u r b i d i t y  due t o  
b a r i u m  s u l f a t e  was fo rm ed  i n  t h e  u s u a l  m an n e r  by a d d i n g  
b a r i u m  c h l o r i d e  t o  t h e  s a m p l e .  U s in g  a  Beckman S p e c t r o ­
p h o t o m e t e r ,  Model DU, t h e  o p t i c a l  d e n s i t y  o f  t h e  sam ple  was 
m e a s u r e d  a t  380 nm w i t h  1 cm c e l l s .  I n t e r f e r e n c e  due t o  
c o l o r  o r  t u r b i d i t y  o f  t h e  i n i t i a l  s a m p le  was a u t o m a t i c a l l y  
s u b t r a c t e d  by r e a d i n g  t h e  o p t i c a l  d e n s i t y  o f  t h e  i n i t i a l  
sam ple  c o n c u r r e n t  w i t h  t h e  t r e a t e d  s a m p le .  The c a l i b r a t i o n  
r a n g e  was f rom  2 - 8 0  ppm s u l f a t e .
As t e c h n i q u e s  a n d  i n s t r u m e n t a t i o n  im p r o v e d ,  t h e  n e e d
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t o  fo rm  a  r e p r o d u c i b l e ,  u n i f o r m  s u s p e n s i o n  o f  b a r i u m  s u l f a t e  
became v e r y  i m p o r t a n t .  I n  t h e  e a r l y  m e th o d s ,  t h e  f o r m a t i o n  
o f  u n i f o r m ,  opt imum s i z e  p a r t i c l e s  was a i d e d  by t h e  a d d i t i o n  
o f  h y d r o c h l o r i c  a c i d  o r  a  m i x t u r e  o f  h y d r o c h l o r i c  a c i d  a nd  
sod ium  c h l o r i d e .  L a t e r ,  s t a b i l i z i n g  o r  s u s p e n d i n g  a g e n t s  
were  a d d e d  t o  im p ro v e  t h e  r e p r o d u c i b i l i t y  and  s t a b i l i t y  
o f  t h e  s u l f a t e  s u s p e n s i o n s .
A w ide  v a r i e t y  o f  s u s p e n d i n g  a g e n t s  and  s t a b i l i z i n g
128m i x t u r e s  were  t r i e d .  V olm er  and  F r o h l i c h  a d d e d  g l y c i n e
129a n d  gum a r a b i c , w h i l e  Honda '  u s e d  g e l a t i n  a s  t h e  s u s -
130p e n d i n g  a g e n t .  C h a u d h u r i  a n d  c o w o r k e r s  J p r e p a r e d  a 
medium o f  5 0% g l y c e r i n ,  10$  g l u c o s e ,  2 .5%° h y d r o c h l o r i c  
a c i d  a n d  3 7 -5% w a t e r ,  a nd  m e a s u r e d  t h e  a b s o r b a n c e  o f  t h e  
s o l u t i o n  a t  450 nm. Rossum a n d  V i l l a r r u z '* ' ^ ^  u s e d  a  b u f f e r  
s o l u t i o n  c o n s i s t i n g  o f  m agnes ium  c h l o r i d e ,  sod ium  a c e t a t e ,  
p o t a s s i u m  n i t r a t e ,  an d  a c e t i c  a c i d .  The a b s o r b a n c e  m e a s u r e ­
m e n t s  were  made a t  420 nm w i t h  a  4 cm p a t h  l e n g t h .  T o e n n i e s  
a n d  B a k a y ^ -^  p r o p o s e d  a  medium o f  e t h a n o l ,  d i p r o p y l e n e  
g l y c o l  a n d  w a t e r  f o r  t h e i r  s u l f a t e  p r o c e d u r e .
The t u r b i d i m e t r i c  m e th o d  was l i s t e d  i n  t h e  c u r r e n t
1
e d i t i o n  o f  " S t a n d a r d  M e th o d s"  a f t e r  t h e  g r a v i m e t r i c  
m e th o d .  A c c o r d i n g  t o  " S t a n d a r d  M e t h o d s " , t h e  p r o c e d u r e  
was more r a p i d  b u t  was l e s s  a c c u r a t e  a t  m os t  s u l f a t e  
c o n c e n t r a t i o n s .  The u s u a l  r a n g e  was 0 - 4 0  m g / l ,  a l t h o u g h  
up t o  60 m g / l  may be d e t e r m i n e d .  A c o n d i t i o n i n g  r e a g e n t  
o f  g l y c e r o l ,  h y d r o c h l o r i c  a c i d ,  w a t e r ,  e t h a n o l ,  and
51
sod ium  c h l o r i d e  was a d d e d  t o  t h e  sa m p le  b e f o r e  t h e  a d d i t i o n  
o f  s o l i d  b a r i u m  c h l o r i d e .  The s o l u t i o n  was s t i r r e d  f o r  
one m in u t e  and  t h e  t u r b i d i t y  was m e a s u r e d  w i t h  a  n e p h e l o -  
m e t e r  o r  a  s p e c t r o p h o t o m e t e r  a t  420 nm w i t h  a  4 - 5  cm p a t h  
l e n g t h .  C a l i b r a t i o n  c u r v e s  v/ere p r e p a r e d  i n  t h e  same 
m an n e r  a n d  m u s t  be  c h e c k e d  a f t e r  e v e r y  t h r e e  o r  f o u r  
s a m p l e s .
A l t h o u g h  m o s t  t u r b i d i m e t r i c  a n d  n e p h e l o m e t r i c  m e th o d s  
u t i l i z e  b a r i u m  s u l f a t e ,  s e v e r a l  a l t e r n a t i v e s  have  b e e n  
p r o p o s e d .  Omura1- ^  d e v e l o p e d  a  m i c r o b i o l o g i c a l  p r o c e d u r e  
f o r  s m a l l  q u a n t i t i e s  o f  s u l f a t e  i n  w h ic h  a  w a t e r  sam ple  
was t r e a t e d  w i t h  t h e  b a c t e r i a ,  E s c h e r i c h i a  C a l i ,  and  
i n c u b a t e d  f o r  8 - 1 0  h r s  a t  3 5 ° •  The r e s u l t i n g  g r o w t h  was 
m e a s u r e d  t u r b i d i m e t r i c a l l y  a n d  t h e  s u l f a t e  d e t e r m i n e d  
f rom  a c a l i b r a t i o n  c u r v e .  A l t h o u g h  m o s t  i o n s  d i d  n o t  
i n t e r f e r e ,  some s u l f u r  compounds i n h i b i t e d  t h e  b a c t e r i a l  
g r o w t h .
134M a r t i n  a n d  S t e p h e n  ^ p r o p o s e d  a  n e p h e l o m e t r i c  m eth od  
i n  w h ic h  t h e  s u l f a t e  was p r e c i p i t a t e d  w i t h  4 - a m i n o - 4 ' -  
c h l o r o d i p h e n y l  h y d r o c h l o r i d e .  A s t a b i l i z i n g  a g e n t  o f  
p e p t o n e ,  gum g h a t t i ,  h y d r o c h l o r i c  a c i d ,  and  w a t e r  was 
a d d e d  t o  t h e  s a m p le  b e f o r e  p l a c i n g  t h e  sa m p le  i n  a  n e p h e l o -  
m e t e r  f o r  m e a s u r e m e n t .  A c a l i b r a t i o n  c u r v e  i n  t h e  r a n g e  
o f  2 . 5 - 2 5  ppm was p r e p a r e d  u s i n g  t h e  m o s t  c o n c e n t r a t e d  
s t a n d a r d  t o  s e t  t h e  maximum r e a d i n g  o f  t h e  n e p h e l o m e t e r  and  
d i s t i l l e d  w a t e r  t o  s e t  t h e  z e r o  r e a d i n g .  D i s a d v a n t a g e s
52
o f  t h e  m e th o d  i n c l u d e d  t h e  i n t e r f e r e n c e  o f  f l u o r i d e  a n d  
p h o s p h a t e  a n d  t h e  s h o r t  s h e l f  l i f e  o f  t h e  s t a b i l i z i n g  
a g e n t .
A n o t h e r  n e p h e l o m e t r i c  m e th o d  was d e v e l o p e d  by- 
S t e p h e n , 12^ b a s e d  on t h e  p r e c i p i t a t i o n  o f  s u l f a t e  a s  2 - p e r i m ­
id in y la m m o n iu m  s u l f a t e  ( s e e  f o o t n o t e  on p a g e  4 5 ) .  The 
r e a g e n t  was a d d e d  d i r e c t l y  t o  a  5 ml s a m p l e ,  d i l u t e d  t o  
10 m l ,  a n d  m e a s u r e d  a f t e r  t e n  m i n u t e s  w i t h  a  n e p h e l o m e t e r .  
C a l i b r a t i o n  c u r v e s  were  p r e p a r e d  f o r  t h r e e  d i f f e r e n t  c o n c e n ­
t r a t i o n  r a n g e s :  0 - 0 . 5  ppm, 0 -1  ppm, a n d  0 - 5  ppm. An 
e x t e n s i v e  e x a m i n a t i o n  showed t h a t  many o t h e r  a n i o n s  fo rm e d  
p r e c i p i t a t e s  w i t h  t h e  r e a g e n t ,  b u t  m o s t  w ere  n o t  p r e s e n t  
i n  s u f f i c i e n t  q u a n t i t y  i n  w a t e r  s a m p le s  t o  c a u s e  s e r i o u s  
i n t e r f e r e n c e s .  The m o s t  s e r i o u s  p o t e n t i a l  i n t e r f e r e n c e s
were  p h o s p h a t e ,  f l u o r i d e ,  i o d i d e  a n d  b r o m id e .
13  5Audouze a n d  B o n o m e t t i  t o o k  S t e p h e n ' s  p r o c e d u r e  and
a u t o m a t e d  i t  f o r  u s e  i n  d e t e r m i n i n g  s u l f u r  p o l l u t a n t s  i n
a i r  and  s u l f a t e s  i n  w a t e r .  M e a s u r e m e n t s  w e re  made a t  465  nm
a f t e r  p r e c i p i t a t i n g  t h e  s u l f a t e  a t  pH 5-7*
The i n t r o d u c t i o n  o f  o t h e r  s p e c t r o p h o t o m e t r i c  t e c h n i q u e s
d i d n ' t  o c c u r  u n t i l  1957 a n d  1 9 58 ,  when f l a m e  p h o t o m e t r i c
m e th o d s  were  i n t r o d u c e d  by  B u r r i e l  a n d  c o w o r k e r s , 1- ^  a n d  
137Shaw. B o th  p r o c e d u r e s  w ere  b a s e d  on t h e  p r e c i p i t a t i o n
o f  s u l f a t e  w i t h  a  known q u a n t i t y  o f  b a r i u m  a n d  s u b s e q u e n t  
d e t e r m i n a t i o n  o f  t h e  e x c e s s  b a r i u m .  B ar ium  c a l i b r a t i o n  
c u r v e s  were  u s e d  t o  f i n d  t h e  c o n c e n t r a t i o n  o f  e x c e s s  b a r i u m .
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The s u l f a t e  c o n c e n t r a t i o n  was t h e n  f o u n d  by  c a l c u l a t i o n .  
S p e c i f i c  d e t a i l s  p e r t a i n i n g  t o  t h e  f l a m e  c o n d i t i o n s  and  
t h e  e m i s s i o n  p r o p e r t i e s  o f  b a r i u m  w ere  a l s o  i n v e s t i g a t e d  
by  b o t h  r e s e a r c h e r s .  B u r r i e l  a n d  c o w o r k e r s  d e t e r m i n e d  
s u l f a t e  i n  t h e  r a n g e  o f  0 - 7 0  ppm, w h i l e  Shaw m e a s u r e d  
6-2A- mg s u l f a t e  a t  515 nm.
Cul lum  a n d  Thomas1^  u s e d  a  s l i g h t l y  d i f f e r e n t  a p p r o a c h .  
The s u l f a t e  was p r e c i p i t a t e d  a s  b a r i u m  s u l f a t e ,  f i l t e r e d ,  
a n d  d i s s o l v e d  i n  a  s o l u t i o n  o f  ammonium EDTA. The r e s u l t i n g  
s o l u t i o n  was a n a l y z e d  w i t h  a  f l a m e  p h o t o m e t e r  e q u i p p e d  
w i t h  two d i f f e r e n t  f i l t e r s ,  a n d  t h e  s u l f a t e  was d e t e r m i n e d  
f rom  c a l i b r a t i o n  c u r v e s  p r e p a r e d  o v e r  t h e  r a n g e  o f  0 -1 0 0 0  
ppm s u l f a t e .
P l e s k a c h  a n d  C h i r k o v a * - ^  d e v e l o p e d  a  m e th o d  s i m i l a r  t o  
S h a w ' s .  Howeverc, i n s t e a d  o f  p r e p a r i n g  a  c a l i b r a t i o n  c u r v e  
u s i n g  b a r i u m  s t a n d a r d s ,  t h e y  c h o s e  t o  u s e  s u l f a t e  s t a n d a r d s  
t r e a t e d  i n  e x a c t l y  t h e  same m a n n e r  a s  t h e  s a m p l e s .  I n  t h i s  
way a n y  e r r o r  due t o  t h e  s o l u b i l i t y  o f  b a r i u m  s u l f a t e  would  
be c o m p e n s a t e d  f o r .  A l l  m e a s u r e m e n t s  w e re  made a t  ^93 nm.
At t h i s  w a v e l e n g t h  s e r i o u s  b a c k g r o u n d  e m i s s i o n  was o b s e r v e d  
due t o  p o t a s s i u m ,  so d iu m  a n d  c a l c i u m ,  m a k in g  i t  n e c e s s a r y  
t o  r u n  u n t r e a t e d  s a m p l e s  f o r  b a c k g r o u n d  c o r r e c t i o n .  The 
m eth o d  was s u c c e s s f u l l y  a p p l i e d  t o  s a m p le s  c o n t a i n i n g  l e s s  
t h a n  200 ppm s u l f a t e .
1^0C r i d e r  a n d  c o w o r k e r s  r e c e n t l y  i n t r o d u c e d  a  p r o t o t y p e  
i n s t r u m e n t  d e s i g n e d  s p e c i f i c a l l y  t o  d e t e r m i n e  s u l f a t e  i n
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a q u e o u s  s o l u t i o n .  The i n s t r u m e n t ,  u s i n g  a h y d r o g e n - r i c h  
h y d r o g e n - a i r  f l a m e  a n d  a  c h e m i l u m i n e s c e n c e  d e t e c t o r ,  
o p e r a t e d  i n  a  m a n n e r  s i m i l a r  t o  o t h e r  f l a m e  i n s t r u m e n t s .  
I n i t i a l  work  showed t h a t  t h e  i n s t r u m e n t  was c a p a b l e  o f  
d e t e r m i n i n g  a s  l i t t l e  a s  2 p g / m l  s u l f a t e .  F u r t h e r  s t u d y  on 
t h e  i n s t r u m e n t  a n d  i t s  a p p l i c a t i o n  t o  r e a l  s a m p le s  was 
c o n t i n u i n g  a t  t h e  t i m e  t h e  work  was p u b l i s h e d .
A n o t h e r  new  f l a m e  t e c h n i q u e  h a s  b e e n  p r o p o s e d  by  Sand
1 2j,i
a n d  H u b e r .  The t e c h n i q u e ,  c a l l e d  f l a m e  e m i s s i o n  i n h i b i ­
t i o n  t i t r a t i o n ,  was b a s e d  on t h e  a b i l i t y  o f  s u l f a t e  t o  
i n h i b i t  t h e  f l a m e  e m i s s i o n  s i g n a l  o f  v a r i o u s  c a t i o n s ,  i n  
t h i s  c a s e ,  c a l c i u m .  A s t a n d a r d  c a l c i u m  s o l u t i o n  was s l o w l y  
t i t r a t e d  i n t o  a  s u l f a t e  s a m p l e ,  w h ic h  was b e i n g  a s p i r a t e d  
i n t o  a  h y d r o g e n - a i r  f l a m e .  The e m i s s i o n  s i g n a l  p r o d u c e d  
by  t h e  c a l c i u m  was c o n t i n u o u s l y  m e a s u r e d  u s i n g  a  6 20  nm 
i n t e r f e r e n c e  f i l t e r ,  a n d  was r e c o r d e d ,  r e s u l t i n g  i n  a  u n i q u e  
c u r v e  f ro m  w h ic h  t h e  t i t r a t i o n  e n d p o i n t  was l o c a t e d .
S u l f a t e  c o n t e n t s  a s  low a s  0 . 2  ppm w ere  t h e n  d e t e r m i n e d  
b y  c a l c u l a t i o n .  A l l  i n t e r f e r i n g  c a t i o n s  w ere  r em oved  by 
i o n  e x c h a n g e  p r i o r  t o  t h e  t i t r a t i o n .
Atomic  a b s o r p t i o n  s p e c t r o s c o p y  h a s  a l s o  b e e n  u s e d  t o
142d e t e r m i n e  s u l f a t e .  Dunk, M o s ty n  a n d  Hoare  d e t e r m i n e d  
0 - 1 0 0  ( ig /m l  s u l f a t e  by  p r e c i p i t a t i n g  t h e  s u l f a t e  w i t h  a  
known c o n c e n t r a t i o n  o f  b a r i u m  a n d  m e a s u r i n g  t h e  e x c e s s  
b a r i u m  a t  553-5 nm u s i n g  a n  a i r - a c e t y l e n e  f l a m e .  C a l i b r a ­
t i o n  c u r v e s  were  p r e p a r e d  w i t h  s u l f a t e  s t a n d a r d s  t r e a t e d
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1^3i n  t h e  same m a n n e r  a s  s a m p l e s .  L i t t l e  a n d  c o w o r k e r s  
a l s o  u s e d  a t o m i c  a b s o r p t i o n ,  b u t  c h o s e  t o  p r e c i p i t a t e  t h e  
s u l f a t e  a s  l e a d  s u l f a t e  i n  4 0 % e t h a n o l  a n d  d e t e r m i n e  t h e  
e x c e s s  l e a d .
i  LlLl
L ooyenga  a n d  H u be r  h a v e  d e v e l o p e d  a  new t e c h n i q u e  
c a l l e d  a t o m i c  a b s o r p t i o n  i n h i b i t i o n  t i t r a t i o n ,  w h ic h  i s  
s i m i l a r  t o  t h e  f l a m e  e m i s s i o n  m e th o d  d e s c r i b e d  e a r l i e r .
T h i s  p a r t i c u l a r  m e th o d  was b a s e d  on t h e  i n h i b i t i o n  o r  
d e p r e s s i o n  o f  t h e  a t o m i c  a b s o r p t i o n  s i g n a l  o f  m agnes ium  
due t o  t h e  p r e s e n c e  o f  s u l f a t e .  The s u l f a t e  sa m p le  was 
t i t r a t e d  w i t h  a  s t a n d a r d  m agnes ium  s o l u t i o n  a s  t h e  sa m p le  
s o l u t i o n  was b e i n g  a s p i r a t e d  i n t o  a  h y d r o g e n - a i r  f l a m e .
The m agnesium  a b s o r p t i o n  s i g n a l  was c o n t i n u o u s l y  m o n i t o r e d  
a t  2 8 5 -2  nm a n d  t h e  t i t r a t i o n  c u r v e  was r e c o r d e d .  The 
e n d p o i n t  o f  t h e  t i t r a t i o n  was i n d i c a t e d  by  an  i n c r e a s e  i n  
t h e  a b s o r p t i o n  s i g n a l ,  a n d  t h e  s u l f a t e  c o n c e n t r a t i o n  was 
c a l c u l a t e d .  P h o s p h a t e  a n d  s i l i c a t e  i n t e r f e r e d  and  m u s t  be 
a b s e n t  f rom  t h e  s a m p l e .  L in  a n d  Huber  s u b s e q u e n t l y  
a p p l i e d  t h e  t e c h n i q u e  t o  s u r f a c e  a n d  d r i n k i n g  w a t e r s  
c o n t a i n i n g  s u l f a t e  c o n c e n t r a t i o n s  up t o  30  ppm.
At a b o u t  t h e  same t im e  t h a t  f l a m e  p h o t o m e t r i c  m e th o d s
146w ere  b e i n g  i n t r o d u c e d ,  N a z a r e n k o  a n d  S h u s t o v a  i n t r o d u c e d  
a  f l u o r o m e t r i c  m e th o d  u s i n g  t h e  r e a g e n t ,  s a l i c y l f l u o r o n e  
[ 9 - ( o - h y d r o x y p h e n y l ) t r i h y d r o x y f l u o r o n e ] , w h ic h  fo r m s  a 
c o m p lex  w i t h  t h o r i u m  i n  w e a k l y  a c i d  s o l u t i o n .  The s u l f a t e  
was c o m p le x e d  w i t h  e x c e s s  t h o r i u m ,  w h ic h  was t h e n  c o m p le x e d
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w i t h  e x c e s s  s a l i c y l f l u o r o n e . The e x c e s s  r e a g e n t ,  w h ic h  
f l u o r e s c e s  a  g r e e n i s h - y e l l o w  c o l o r  i n  u l t r a v i o l e t  l i g h t ,  
was d e t e r m i n e d  by  c o m p a r i s o n  t o  s t a n d a r d s  i n  t h e  f i l t e r e d  
l i g h t  o f  a  m e r c u r y  q u a r t z  l am p .
Two o t h e r  f l u o r o m e t r i c  m e th o d s  u s i n g  t h r o i u m  c o m p le x e s
hav e  b e e n  d e v e l o p e d .  B o th  m e th o d s  w ere  b a s e d  on t h e
s u p p r e s s i o n  o r  q u e n c h i n g  o f  t h e  f l u o r e s c e n c e  o f  a  t h o r i u m
com p lex  i n  t h e  p r e s e n c e  o f  s u l f a t e ,  due t o  t h e  f o r m a t i o n  o f
147t h e  t h o r i u m - s u l f a t e  c o m p le x .  Guyon a n d  L o r a h  u s e d  m o n n  
( 3 » 5 » 7 » 2 ' , 4 ' - p e n t a h y d r o x y f l a v o n e ) , whose t h o r i u m  c o m plex  
f l u o r e s c e s  a  b r i g h t  g r e e n  c o l o r  u n d e r  u l t r a v i o l e t  r a d i a t i o n .  
D e t e r m i n a t i o n s  o f  0 - 4 0  p g  o f  s u l f a t e  w e re  c o n d u c t e d  i n  an  
8 0$  e t h a n o l  medium a t  pH 2 . 3 5  u s i n g  a  C olem an Model 12B 
p h o t o f l u o r o m e t e r  w i t h  a  5 H 3  p r i m a r y  f i l t e r  a n d  a  3486 
s e c o n d a r y  f i l t e r .  Nasu  a n d  c o w o r k e r s 1 ' * ' u s e d  t h e  t h o r i u m  
c o m p lex  o f  f l a v o n o l  t o  d e t e r m i n e  l e s s  t h a n  100 p g  o f  s u l f a t e  
i n  a n  e t h a n o l  medium o f  pH 2 . 6 .  The d e c r e a s e  i n  f l u o r e s ­
c e n c e  was m e a s u r e d  a t  470  nm. I n  b o t h  m e t h o d s ,  a lu m in u m ,  
i r o n ,  f l u o r i d e ,  a n d  p h o s p h a t e  i n t e r f e r e d .
A f l u o r o m e t r i c  m e th o d  b a s e d  on a  z i r c o n i u m  c o m p lex  h a s
148b e e n  d e v e l o p e d  by  Tan a n d  W es t .  When s u l f a t e  was p r e s e n t
i n  a  s o l u t i o n  c o n t a i n i n g  z i r c o n i u m  a n d  C a l c e i n  b l u e  a t  
pH 1 . 9 i a  d i s t i n c t  i n c r e a s e  i n  t h e  f l u o r e s c e n c e  o f  t h e  
z i r c o n i u m - C a l c e i n  b l u e  c o m p lex  was o b s e r v e d .  The f l u o r e s ­
c e n c e  i n c r e a s e  was l i n e a r  o v e r  t h e  s u l f a t e  c o n c e n t r a t i o n
57
r a n g e  o f  2 - 1 2 0 0 0  ppm. E x c i t a t i o n  a n d  m e a s u re m e n t  o f  t h e  
co m plex  o c c u r r e d  a t  350  nm a n d  ^10  nm r e s p e c t i v e l y .
F l u o r i d e ,  p h o s p h a t e ,  o x a l a t e ,  t a r t r a t e ,  i r o n ( I I l ) ,  a nd  
c o b a l t ( I I )  i n t e r f e r e d  w i t h  t h e  d e t e r m i n a t i o n .
The i n t r o d u c t i o n  o f  a  nu m b er  o f  new compounds f o r  
t h e  p r e c i p i t a t i o n  o f  s u l f a t e  h a s  l e d  t o  t h e  d e v e l o p m e n t  
o f  u l t r a v i o l e t  a b s o r p t i o n  m e th o d s  u s i n g  t h e s e  same com-
1 i(,Q 1 KQ
p o u n d s .  A. S .  J o n e s  a n d  L e tham  y p r e c i p i t a t e d  3 ° - 1 2 0  
p g  o f  s u l f a t e  w i t h  a  known am ount  o f  4 - a m i n o - 4 ' - c h l o r o -  
d i p h e n y l  h y d r o c h l o r i d e .  The e x c e s s  r e a g e n t  was d e t e r m i n e d  
a t  25k  nm i n  1 cm c e l l s .  P h o s p h a t e  was t h e  o n l y  s e r i o u s  
i n t e r f e r e n c e .
1 51P. A. J o n e s  a n d  S t e p h e n  v d e t e r m i n e d  t h e  e x c e s s
2 - p e r i m id i n y l a m m o n iu m  c h l o r i d e  a t  3 0 5  nm w i t h  1 cm s i l i c a
c e l l s .  By v a r y i n g  t h e  v o lu m e s  o f  t h e  r e a g e n t  a n d  t h e  f i n a l
s o l u t i o n ,  c a l i b r a t i o n  r a n g e s  o f  4 - 2 0  ppm, 1 0 - 6 0  ppm, and
2 0 - 1 2 0  ppm w ere  e s t a b l i s h e d .  P h o s p h a t e ,  f l u o r i d e ,  n i t r a t e ,
1 52a n d  b i c a r b o n a t e  i n t e r f e r e d .  B u rn s  a n d  c o w o r k e r s  
d e v e l o p e d  a  s i m i l a r  p r o c e d u r e  f o r  d e t e r m i n i n g  O- 3 0  ppm 
s u l f a t e  i n  r a i n w a t e r .  They c h o s e  t o  a d d  a  s m a l l  am ount  o f  
2 - p e r i m id i n y l a m m o n iu m  s u l f a t e  t o  a c t  a s  a  n u c l e a t i n g  a g e n t  
i n  t h e  p r e c i p i t a t i o n  o f  t h e  s u l f a t e  i n  t h e  s a m p l e .  M e a s u r e ­
m e n t s  were  made a t  3 0 5 - 5  nm w i t h  a  0 . 2  cm c e l l .
E.  E l e c t r o c h e m i c a l  M ethods
The d e t e r m i n a t i o n  o f  s u l f a t e  u s i n g  e l e c t r o c h e m i c a l
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t e c h n i q u e s  h a s  s e e n  f e w e r  v a r i a t i o n s  i n  t h e  b a s i c  c h e m i c a l  
r e a c t i o n s  t h a n  t h e  p r e v i o u s  t e c h n i q u e s  d i s c u s s e d .  P r e c i p ­
i t a t i o n  o f  s u l f a t e  w i t h  b a r i u m  o r  l e a d  a n d  r e d u c t i o n  o f  
s u l f a t e  t o  h y d r o g e n  s u l f i d e  w ere  s t i l l  t h e  m a in  r e a c t i o n s  
i n v o l v e d .  Only  t h e  m e th o d  o f  d e t e c t i o n  o f  a  t i t r a t i o n  
e n d p o i n t  o r  t h e  m e th o d  o f  d e t e r m i n a t i o n  o f  a  l i b e r a t e d  
s p e c i e s  was c h a n g e d .  The m e th o d s  u s e d  i n c l u d e d  p o t e n t i o -  
m e t r y ,  c o n d u c t i m e t r y , a m p e r o m e t r y ,  a n d  p o l a r o g r a p h y .
A s i g n i f i c a n t  n um ber  o f  p o t e n t i o m e t r i c  t i t r a t i o n  
p r o c e d u r e s  have  b e e n  d e v e l o p e d ,  u t i l i z i n g  a  w ide  v a r i e t y  o f  
s e n s i n g  e l e c t r o d e s .  D i r e c t  m e a s u r e m e n t  o f  t h e  s u l f a t e  
c o n t e n t  was n o t  p o s s i b l e ,  s i n c e  s u l f a t e - s e n s i n g  e l e c t r o d e s  
h a d  n o t  b e e n  d e v e l o p e d .  Thus t h e  t i t r a t i o n  p r o c e d u r e s  
were  i n d i r e c t  m e a s u r e m e n t s ,  r e q u i r i n g  t h e  d e t e r m i n a t i o n  
o f  a n o t h e r  s p e c i e s  whose c o n c e n t r a t i o n  was r e l a t i v e  t o
t h e  s u l f a t e  c o n c e n t r a t i o n .
1 S3A n d e r s  Rmgbom d e v e l o p e d  one o f  t h e  f i r s t  p o t e n t i o ­
m e t r i c  t i t r a t i o n s  o f  s u l f a t e .  The s u l f a t e  was t i t r a t e d  
w i t h  a  s o l u t i o n  o f  l e a d  n i t r a t e  u s i n g  a  Pb2F e (C N )^ — 
Fe(CN)g e l e c t r o d e .  S i n c e  a  t e n - f o l d  e x c e s s  o f  l e a d  
r e s u l t e d  i n  o n l y  a  s m a l l  c h a n g e  i n  t h e  p o t e n t i a l  o f  t h e  
e l e c t r o d e ,  s u l f a t e  c o n c e n t r a t i o n s  o f  l e s s  t h a n  0 . 0 2 5 N
made i t  d i f f i c u l t  t o  l o c a t e  t h e  c o r r e c t  e n d p o i n t .
1 S^C a s s i d y  p r e c i p i t a t e d  t h e  s u l f a t e  i n  a n  a l c o h o l i c  
medium w i t h  an  e x c e s s  o f  l e a d  a n d  d e t e r m i n e d  t h i s  e x c e s s  
by  t i t r a t i o n  w i t h  p o t a s s i u m  c h r o m a t e .  A f t e r  a l l  t h e  e x c e s s
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l e a d  was p r e c i p i t a t e d ,  t h e  c h r o m a te  u n d e r w e n t  a  h y d r o l y s i s  
r e a c t i o n .  T h i s  r e a c t i o n  o c c u r r e d  a t  a  pH o f  5 . 5 . Thus 
t h e  t i t r a t i o n  e n d p o i n t  was d e t e r m i n e d  by  m e a s u r i n g  t h e  
s o l u t i o n  pH w i t h  a  s t a n d a r d  g l a s s  e l e c t r o d e .  Any s u b s t a n c e  
w h ic h  c o u l d  a c t  a s  a  b u f f e r ,  a n d  t h e r e b y  a f f e c t  t h e  s o l u t i o n  
pH, was c o n s i d e r e d  a n  i n t e r f e r e n c e  a n d  m u s t  be a b s e n t .
The t i t r a t i o n  p r o c e d u r e  d e v i s e d  by  V a i l ' ,  K rem er  a nd  
1 ^M i m a y a  J  a l s o  u s e d  a n  e x c e s s  o f  l e a d  t o  p r e c i p i t a t e  t h e  
s u l f a t e .  The e x c e s s  l e a d  was t i t r a t e d  w i t h  so d iu m  s u l f i d e  
o r  t h i o a c e t a m i d e  u s i n g  a  s u l f i d e - s i l v e r  e l e c t r o d e  t h a t  
was p r e v i o u s l y  d e v e l o p e d  by  K rem er  a n d  V a i l ' .  U n l i k e  t h e  
e l e c t r o d e  u s e d  by  Ringbom, t h i s  e l e c t r o d e  r e s u l t e d  i n  a  
t i t r a t i o n  c u r v e  w i t h  a  l a r g e  p o t e n t i a l  jump a t  t h e  e n d p o i n t ,  
m ak in g  i t  p o s s i b l e  i t  d e t e r m i n e  a s  l i t t l e  a s  5 mg s u l f a t e .
The d e v e l o p m e n t  a n d  c o m m e r c i a l  i n t r o d u c t i o n  o f  a  l e a d -
1 *56s e l e c t i v e  e l e c t r o d e  p r o v i d e d  Ross a n d  F r a n t  w i t h  a
means o f  d i r e c t l y  t i t r a t i n g  s u l f a t e .  By a d d i n g  a n  e q u a l
volume o f  d i o x a n e  t o  t h e  s u l f a t e  sa m p le  b e f o r e  t i t r a t i n g
i t  w i t h  a  s t a n d a r d  l e a d  p e r c h l o r a t e  s o l u t i o n ,  t h e  e n d p o i n t
b r e a k  i n  t h e  t i t r a t i o n  c u r v e  was c o n s i d e r a b l y  i n c r e a s e d .
The d i o x a n e  a l s o  d e c r e a s e d  t h e  s o l u b i l i t y  o f  t h e  l e a d
-L
s u l f a t e  a l l o w i n g  a s  l i t t l e  a s  5 X 10 M s u l f a t e  t o  be 
t i t r a t e d  c o n v e n i e n t l y .  The l e a d  e l e c t r o d e  s u f f e r e d  f rom  
i n t e r f e r e n c e s  due t o  c o p p e r ,  m e r c u r y ,  s i l v e r ,  a n d  p h o s ­
p h a t e ,  w h i l e  h i g h  c o n c e n t r a t i o n s  o f  c h l o r i d e ,  n i t r a t e  a n d  
b i c a r b o n a t e  d e c r e a s e d  t h e  e n d p o i n t  p o t e n t i a l  b r e a k .
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W hile  a t t e m p t i n g  t o  d e t e r m i n e  s u l f a t e  i n  s e a  w a t e r  
u s i n g  t h e  l e a d - s e l e c t i v e  e l e c t r o d e  p r o c e d u r e  o f  Ross  and  
F r a n t ,  M a s c i n i 1- ^  f o u n d  i t  n e c e s s a r y  t o  remove t h e  h i g h  
c o n c e n t r a t i o n s  o f  c h l o r i d e  a n d  b i c a r b o n a t e .  He a c c o m p l i s h e d  
t h i s  by  u s i n g  two d i f f e r e n t  c a t i o n  e x c h a n g e  c o lu m n s .  The 
f i r s t  r e s i n  i n  t h e  s i l v e r  fo rm  rem oved  t h e  c h l o r i d e  a n d  
t h e  s e c o n d  r e s i n  i n  t h e  h y d r o g e n  o r  a c i d  form rem oved  t h e  
s i l v e r  l i b e r a t e d  by  t h e  f i r s t  r e s i n .  At t h i s  p o i n t ,  t h e  
s a m p le  was a c i d i c  a n d  t h e  b i c a r b o n a t e  was e l i m i n a t e d .  An 
a l i q u o t  o f  t h e  s a m p le  was t h e n  d i l u t e d  w i t h  1 , 4 - d i o x a n e  
a n d  t i t r a t e d  p o t e n t i o m e t r i c a l l y  w i t h  l e a d  n i t r a t e  u s i n g  
t h e  l e a d  e l e c t r o d e .  S u l f a t e  c o n c e n t r a t i o n s  f ro m  2 0 -3 0 0 0  
ppm w ere  s u c c e s s f u l l y  d e t e r m i n e d .
1 t  Q
L ea d  was n o t  t h e  o n l y  t i t r a n t  u s e d .  V o r o b ' e v  
d e v e l o p e d  one o f  t h e  f i r s t  m e th o d s  w h ic h  u t i l i z e d  b a r i u m  
s a l t s .  E x c e s s  b a r i u m  was a d d e d  t o  p r e c i p i t a t e  t h e  s u l f a t e  
a n d  t h i s  e x c e s s  was t i t r a t e d  w i t h  p o t a s s i u m  c h r o m a t e .  At 
t h e  e n d p o i n t k  t h e  h y d r o l y s i s  o f  c h r o m a te  r e s u l t e d  i n  a 
d e c r e a s e  o f  t h e  h y d r o g e n  i o n  c o n c e n t r a t i o n  w h ic h  was 
m e a s u r e d  w i t h  an  a i r  e l e c t r o d e  ( p l a t i n u m  e l e c t r o d e  s a t u r ­
a t e d  w i t h  a i r ) .  The b e s t  r e s u l t s  w e re  o b t a i n e d  w i t h  s u l f a t e
c o n c e n t r a t i o n s  o f  5 0 - 1 0 0  m g / l .
1 59M i l l e r  p r o p o s e d  a  new e l e c t r o d e  t o  be u s e d  f o r  t h e  
d i r e c t  p o t e n t i o m e t r i c  t i t r a t i o n  o f  s u l f a t e  w i t h  b a r i u m .
The Mo|Mo0^| |BaS0^ e l e c t r o d e  was s e n s i t i v e  t o  b a r i u m  c o n c e n ­
t r a t i o n  c h a n g e s  i n  a c i d  o r  n e u t r a l  m e d ia .  Much s h a r p e r
6 l
t i t r a t i o n  c u r v e s  were  o b t a i n e d  i n  a c i d  s o l u t i o n s ,  b u t  t h e  
a c i d  c o n c e n t r a t i o n  m u s t  be k e p t  b e lo w  0.05N i n  o r d e r  t o  
o b t a i n  r e l i a b l e  r e s u l t s .  The u s a b l e  c o n c e n t r a t i o n  r a n g e  
was 0 . 0 0 8  t o  0 .100N  s u l f a t e .
R e c h n i t z ,  L i n  a n d  Z am o ch n ick  a t t e m p t e d  t o  p r o d u c e  
a  s u l f a t e - s e n s i t i v e  membrane e l e c t r o d e  f o r  u s e  i n  t h e  d i r e c t  
d e t e r m i n a t i o n  o f  s u l f a t e .  The s e n s i n g  p o r t i o n  o f  t h e  e l e c ­
t r o d e  c o n s i s t e d  o f  a  s i l i c o n e  r u b b e r  membrane i m p r e g n a t e d  
w i t h  f i n e  b a r i u m  s u l f a t e  p a r t i c l e s .  U n f o r t u n a t e l y  t h e  
e l e c t r o d e  was n o t  p a r t i c u l a r l y  s e l e c t i v e  a n d  d i r e c t  m e a s u r e ­
m e n t s  o f  s u l f a t e  s o l u t i o n s  w ere  u n s a t i s f a c t o r y .  However ,  
t h e  e l e c t r o d e  was f o u n d  t o  be u s a b l e  a s  a n  i n d i c a t o r
e l e c t r o d e  i n  t h e  t i t r a t i o n  o f  s u l f a t e  w i t h  b a r i u m  c h l o r i d e .
*1 A o
J a s i n s k i  a nd  T r a c h t e n b e r g  ' b a s e d  t h e i r  p o t e n t i o -  
m e t r i c  s u l f a t e  t i t r a t i o n  on a n  i r o n - s e l e c t i v e  e l e c t r o d e .
The e l e c t r o d e  was fo r m e d  f ro m  an  i r o n - d o p e d  c h a l c o g e n i d e
g l a s s ,  Fe2 ^ Ge2 8 Sb l 2 ^ e 6 0 ^ ' a n d  r e s P on(i e d  "t0 u n c o m p le x e d  
f e r r i c  i o n .  S u f f i c i e n t  f e r r i c  i o n  was a d d e d  t o  t h e  s u l f a t e  
sa m p le  t o  fo rm  t h e  s o l u b l e  f e r r i c - s u l f a t e  c o m p le x .  As t h e  
r e s u l t i n g  s o l u t i o n  was t i t r a t e d  w i t h  b a r i u m  c h l o r i d e ,  t h e  
c o m p le x  was b r o k e n  up due t o  t h e  f o r m a t i o n  o f  b a r i u m  s u l f a t e  
a n d  f e r r i c  i o n  was r e l e a s e d  i n t o  t h e  s o l u t i o n .  T h i s  f r e e  
i r o n  was s e n s e d  b y  t h e  e l e c t r o d e  a n d  a  p o t e n t i a l  i n c r e a s e  
was o b s e r v e d .  The e n d p o i n t  o f  t h e  t i t r a t i o n  o c c u r r e d  when 
t h e  p o t e n t i a l  r e m a i n e d  c o n s t a n t .  The l i m i t  o f  d e t e c t i o n  
u s i n g  t h i s  e l e c t r o d e  was 50 m g / l .  P o t a s s i u m ,  m agnes ium
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a n d  c a l c i u m  p o s e d  t h e  m o s t  s e r i o u s  i n t e r f e r e n c e s  w i t h  
t h i s  e l e c t r o d e .
4 /I o
J u s t  r e c e n t l y  s e v e r a l  c o m p a n ie s  have  i n t r o d u c e d  
s o l i d - s t a t e  s p e c i f i c  i o n  e l e c t r o d e s  f o r  s u l f a t e .  The 
e l e c t r o d e s  c o m m e r c i a l l y  a v a i l a b l e  t h r o u g h  C h e m t r i x ,  I n c .  
a n d  S e n s o r e x  were  d e s i g n e d  f o r  t h e  d i r e c t  m e a s u re m e n t  o f  
s u l f a t e  i n  t h e  r a n g e  o f  1 0 - 1 0 0 ,0 0 0  ppm. C h ro m a te ,  c a r b o n ­
a t e ,  p h o s p h a t e ,  a n d  l e a d  i n t e r f e r e d  w i t h  t h e  e l e c t r o d e .
C o n d u c t o m e t r i c  t i t r a t i o n s  o f  s u l f a t e  were  i n t r o d u c e d
s e v e r a l  y e a r s  b e f o r e  t h e  p o t e n t i o m e t r i c  t i t r a t i o n  m eth o d
1 6^o f  Ringbom. K o l t h o f f  a n d  Kameda f o u n d  no g e n e r a l  a g r e e ­
m ent  among r e s e a r c h e r s  on t h e  r e l i a b i l i t y  o f  c o n d u c t o m e t r i c  
t i t r a t i o n s .  Thus t h e y  c o n d u c t e d  a n  i n - d e p t h  s t u d y  o f  t h e  
c o n d u c t o m e t r i c  t i t r a t i o n  o f  v a r i o u s  s u l f a t e s  w i t h  b a r i u m  
c h l o r i d e .  The e r r o r  i n  t h e  t i t r a t i o n s  v a r i e d  d e p e n d i n g  
on t h e  sam ple  d i l u t i o n ,  t h e  a l c o h o l  c o n t e n t ,  t h e  a c i d i t y ,  
a n d  t h e  k i n d  o f  c a t i o n s  p r e s e n t .  They c o n c l u d e d  t h a t  r e p r o ­
d u c i b l e  r e s u l t s  c o u l d  be  o b t a i n e d  w i t h  s a m p l e s  c o n t a i n i n g  
s m a l l  am o u n ts  o f  o t h e r  e l e c t r o l y t e s ,  2 0 - 3 0 % a l c o h o l ,  a n d  
a  s u l f a t e  c o n c e n t r a t i o n  abo v e  ^6 m g / l .
A /I
I t  r e m a i n e d  f o r  R y b n ik o v a  a n d  B a l ’ zamova t o  a p p l y  
t h e  c o n d u c t o m e t r i c  t i t r a t i o n  t o  w a t e r  a n a l y s i s .  An e q u a l  
volume o f  a l c o h o l  was a d d e d  t o  t h e  s a m p le ,  t h e  sa m p le  was 
t i t r a t e d  w i t h  b a r i u m  a c e t a t e ,  a nd  t h e  e l e c t r i c a l  c o n d u c t i v i t y  
was m e a s u r e d  a f t e r  e a c h  a d d i t i o n  o f  b a r i u m  a c e t a t e .  S a t i s ­
f a c t o r y  r e s u l t s  w ere  o b t a i n e d  f o r  s u l f a t e  s a m p le s  c o n t a i n i n g
1 5 - 8 0 0  m g / l  o n l y  i f  t h e  c h l o r i d e  c o n c e n t r a t i o n  d i d  n o t  
e x c e e d  25  m g / l .
P o l s k y  p r o p o s e d  a  c o n d u c t o m e t r i c  s u l f a t e  m eth o d  
w h ic h  d i d  n o t  r e q u i r e  a  t i t r a t i o n .  When a n  e x c e s s  o f  
b a r i u m  was a d d e d  t o  a  s u l f a t e  s a m p l e ,  an  i n c r e a s e  i n  t h e  
s p e c i f i c  c o n d u c t a n c e  was o b s e r v e d ,  and  i f  t h e  am ount  o f  
b a r i u m  was k e p t  c o n s t a n t ,  t h e  i n c r e a s e  v a r i e d  i n v e r s e l y  
w i t h  t h e  s u l f a t e  c o n c e n t r a t i o n .  A s t a n d a r d  s u l f a t e  c u r v e  
was o b t a i n e d  by  m e a s u r i n g  t h e  c o n d u c t a n c e  o f  a  s t a n d a r d  
b e f o r e  a n d  a f t e r  t h e  a d d i t i o n  o f  a  c o n s t a n t  amount  o f  
b a r i u m  c h l o r i d e  a n d  by  p l o t t i n g  t h e  d i f f e r e n c e  i n  c o n d u c t i v ­
i t y  v s .  t h e  c o n c e n t r a t i o n  o f  s u l f a t e .  A c o r r e c t i o n  was 
n e c e s s a r y  t o  a c c o u n t  f o r  o t h e r  e l e c t r o l y t e s  i n  t h e  s a m p le ,  
b u t  t h i s  was done by  p r e p a r i n g  w h a t  was c a l l e d  a  c o r r e c t i o n  
c u r v e  and  by  u s i n g  t h i s  c u r v e  t o  p r e p a r e  a  f i n a l  s t a n d a r d  
c a l i b r a t i o n  c u r v e .  To d e t e r m i n e  t h e  s u l f a t e  c o n t e n t  o f  
a  w a t e r  s a m p l e ,  t h e  s p e c i f i c  c o n d u c t a n c e  o f  t h e  sa m p le  was 
m e a s u r e d ,  t h e  same c o n s t a n t  am o un t  o f  b a r i u m  c h l o r i d e  was 
a d d e d ,  a n d  t h e  s p e c i f i c  c o n d u c t a n c e  was m e a s u r e d  a g a i n .
The d i f f e r e n c e  i n  r e a d i n g s  was c a l c u l a t e d  a n d  t h e  amount  
o f  s u l f a t e  was r e a d  d i r e c t l y  f ro m  t h e  c a l i b r a t i o n  c u r v e .
The c a l i b r a t i o n  r a n g e  was f ro m  0 - 1 0 0  ppm s u l f a t e .
167J o h a n n e s s o n  d e v e l o p e d  a  m e th o d  f o r  d e t e r m i n i n g  0 -1 0  
ppm s u l f a t e  i n  r a i n  a n d  o t h e r  w a t e r  s a m p l e s .  The s a m p le  
was t r e a t e d  w i t h  a  c a t i o n  e x c h a n g e  r e s i n ,  a c i d ,  a n d  s o l i d  
m e r c u r i c  o x i d e  t o  rem ove  m o s t  o t h e r  i o n i c  s p e c i e s .  Thus
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t h e  c o n d u c t i v i t y  m e a s u r e d  was due a l m o s t  e n t i r e l y  t o  s u l f a t e .  
O nly  a  s m a l l  c o r r e c t i o n  was n e c e s s a r y  f o r  c h l o r i d e  a nd  
p o s s i b l y  n i t r a t e .
0 .  I .  M i l n e r  c h o s e  t o  t i t r a t e  a  s u l f a t e  sa m p le  
a n d  m e a su re  i t s  c o n d u c t i v i t y  w i t h  t h e  u s e  o f  a  h i g h - f r e q u e n ­
c y  o s c i l l a t o r .  The a p p a r a t u s  w h ic h  was u s e d ,  e m p lo y ed  a 
t u n e d - p l a t e  t u n e d - g r i d  c i r c u i t ,  w h ic h  r e s p o n d e d  t o  c h a n g e s  
i n  t h e  i o n i c  c o n d u c t a n c e  o f  a  sa m p le  t h r o u g h  a n  i n c r e a s e  i n  
t h e  p l a t e  c u r r e n t .  The t i t r a t i o n  o f  a  0 .0 0 0 1 - 0 . 0 1 N  
s u l f a t e  sa m p le  was c o n d u c t e d  i n  a  3 0 - 4 0 $  a l c o h o l  medium 
w i t h  b a r i u m  c h l o r i d e  a s  t h e  t i t r a n t .  The o s c i l l a t o r  was 
o p e r a t e d  a t  a  f r e q u e n c y  o f  1 8 . 5  m e g a c y c l e s  p e r  s e c o n d .
A f t e r  e a c h  a d d i t i o n  o f  b a r i u m  c h l o r i d e , t h e  c u r r e n t  was 
m e a s u r e d  a n d  r e c o r d e d .  T h ese  v a l u e s  w ere  p l o t t e d  a n d  t h e  
e n d p o i n t  was d e t e r m i n e d  g r a p h i c a l l y  i n  t h e  u s u a l  m a n n e r .
The p r e s e n c e  o f  l a r g e  a m o u n t s  o f  o t h e r  i o n s  ( g r e a t e r  t h a n
0.03M t o t a l  e l e c t r o l y t e  c o n c e n t r a t i o n )  d e c r e a s e d  t h e
a c c u r a c y  a n d  s e n s i t i v i t y  o f  t h e  m e th o d .  
l 6 bJ a m i e s o n  a l s o  c h o s e  t h e  h i g h - f r e q u e n c y  t i t r a t i o n  
a p p r o a c h .  F o r  2 - 2 0  mg o f  s u l f a t e ,  t h e  f o l l o w i n g  t i t r a n t s  
w ere  c o m p a re d :  b a r i u m  a c e t a t e ,  l e a d  n i t r a t e ,  o c t a a m i n o -  
p - n i t r o c o b a l t i c  t e t r a n i t r a t e , a n d  h e x a a m i n e c o b a l t i c  b r o m id e .  
I n t e r f e r e n c e  s t u d i e s  w i t h  e a c h  o f  t h e  t i t r a n t s  were  a l s o  
c o n d u c t e d  w i t h  no one t i t r a n t  b e i n g  v i s i b l y  s u p e r i o r  t o  
t h e  o t h e r s .
I n  1940 ,  K o l t h o f f  a nd  P a n ^ ®  i n t r o d u c e d  one o f  t h e
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f i r s t  a m p e r o m e t r i c  t i t r a t i o n  p r o c e d u r e s  f o r  s u l f a t e  d e t e r ­
m i n a t i o n .  The s u l f a t e  s a m p le  was t i t r a t e d  w i t h  a  s o l u t i o n  
o f  l e a d  n i t r a t e  a t  a  d r o p p i n g  m e r c u r y  e l e c t r o d e  p o t e n t i a l  
o f  - 1 . 2  v o l t s .  A f t e r  e a c h  i n c r e m e n t  o f  s t a n d a r d  l e a d  
s o l u t i o n  was a d d e d ,  t h e  d i f f u s i o n  c u r r e n t  due t o  t h e  l e a d  
was m e a s u r e d  a n d  p l o t t e d .  The e n d p o i n t  was d e t e r m i n e d  
g r a p h i c a l l y  i n  t h e  u s u a l  m a n n e r .  B e s t  r e s u l t s  were  o b t a i n e d  
w i t h  a  medium o f  2 0 % e t h a n o l  a n d  0.01M h y d r o c h l o r i c  a c i d .  
L a r g e  a m o u n ts  o f  c h l o r i d e  a n d  c a l c i u m  i n t e r f e r e d  w i t h  t h e  
d e t e r m i n a t i o n .
171 .T e n k o v t s e v  p r o p o s e d  a n o t h e r  a m p e r o m e t r i c  t i t r a t i o n
b a s e d  on  t h e  r e d u c t i o n  o f  c h r o m a te  on a  m e r c u r y  e l e c t r o d e .
The s u l f a t e  was p r e c i p i t a t e d  w i t h  b a r i u m ,  t h e  s o l u t i o n  pH
was a d j u s t e d  t o  5 - 5 - 6 . 2  w i t h  b a s e  a n d  ammonium a c e t a t e ,  and
t h e  e x c e s s  b a r i u m  was t i t r a t e d  w i t h  p o t a s s i u m  c h r o m a te
a t  a n  a p p l i e d  p o t e n t i a l  o f  z e r o  v o l t s .  The p r o c e d u r e  was
c a p a b l e  o f  d e t e r m i n i n g  a s  l i t t l e  a s  mg s u l f a t e .
P o l a r o g r a p h i c  d e t e r m i n a t i o n s  o f  s u l f a t e  a p p e a r e d
some y e a r s  a f t e r  t h e  i n t r o d u c t i o n  o f  a m p e r o m e t r i c  t i t r a t i o n
m e t h o d s .  One o f  t h e  f i r s t  p r o c e d u r e s  was d e v e l o p e d  by
172Horton and Thomason ' m  1951* The sulfate was r e d u c e d  t o  
hydrogen sulfide using a mixture o f  hydroiodic acid, 
hydrochloric acid, and hypophosphorous acid, with the 
sulfide being trapped by a cadmium chloride solution.
The r e s u l t i n g  cadmium s u l f i d e  p r e c i p i t a t e  was d i s s o l v e d  
i n  h y d r o c h l o r i c  a c i d  a n d  t h e  cadmium was d e t e r m i n e d
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p o l a r o g r a p h i c a l l y . The m e th o d  was u s e d  f o r  s u l f a t e  i n  
t h e  r a n g e  o f  1 5 - 1 5 0  p g .
Two v a r i a t i o n s  u s i n g  t h e  p o l a r o g r a p h i c  d e t e r m i n a t i o n
173o f  l e a d  w ere  p r o p o s e d .  M a tsum o to  a n d  Sh ib ay am a  p r e c i p ­
i t a t e d  t h e  s u l f a t e  w i t h  l e a d  n i t r a t e  i n  a n  a l c o h o l i c  
medium. A f t e r  f i l t r a t i o n ,  t h e  p r e c i p i t a t e  was d i s s o l v e d
i n  ammonium a c e t a t e  a n d  t h e  l e a d  c o n t e n t  was d e t e r m i n e d
17A
u s i n g  p o l a r o g r a m s  a t  - 0 . 3  t o  - 1 . 0  v o l t s .  O h l w e i l e r  
c h o s e  t o  a d d  an  e x c e s s  o f  l e a d  n i t r a t e  t o  a  sa m p le  c o n t a i n ­
i n g  a l c o h o l  a n d  g e l a t i n ,  a n d  d e t e r m i n e d  t h e  e x c e s s  l e a d  
i n  s o l u t i o n  by  p o l a r o g r a p h y .
A num ber  o f  i n d i r e c t  p o l a r o g r a p h i c  m e th o d s  were  
d e v e l o p e d  b a s e d  on  t h e  r e d u c t i o n  o f  a n o t h e r  a n i o n  whose 
c o n c e n t r a t i o n  was r e l a t e d  t o  t h e  s u l f a t e  c o n c e n t r a t i o n .  
M ayer ,  H lu c h a n  a n d  Abel^ ' ' 7̂  d e t e r m i n e d  0 . 1 - 2 0 0  m g / l  o f  
s u l f a t e  by  e x c h a n g i n g  t h e  s u l f a t e  f o r  c h r o m a te  t h r o u g h  a 
b a r i u m  c h r o m a te  r e a g e n t .  The r e d u c t i o n  o f  c h r o m a te  t o  
C r ( I I I )  o c c u r r e d  a t  - O . 3 6  v o l t s  u s i n g  t h e  b u f f e r  s y s t e m  
p r o p o s e d .  S e r i o u s  i n t e r f e r e n c e s  i n c l u d e d  c a l c i u m  a n d  a n y  
r e d u c i n g  a g e n t s  w h i c h  m i g h t  be p r e s e n t  i n  t h e  s a m p l e .
Humphrey a n d  Laird '* '^^  e x c h a n g e d  t h e  s u l f a t e  f o r  t h e  
c h l o r a n i l a t e  i o n ,  w h ic h  u n d e r g o e s  a  r e v e r s i b l e  t w o - e l e c t r o n  
r e a c t i o n  w i t h  c h l o r a n i l i c  a c i d .  A 5 -1 0 0  ppm s u l f a t e  sa m p le  
was p l a c e d  i n  a  5 0 % a q u e o u s  m e t h y l  c e l l o s o l v e  medium 
b u f f e r e d  a t  pH 4 . 7 5  w i t h  a n  a c e t a t e  b u f f e r .  A s m a l l  
am ount  o f  s o l i d  b a r i u m  c h l o r a n i l a t e  was a d d e d  a n d  s t i r r e d
6?
f o r  t h i r t y  m i n u t e s .  The maximum d i f f u s i o n  c u r r e n t  was 
measured at --0.5 volts vs. SCE, a n d  t h e  s u l f a t e  content
was d e t e r m i n e d  f ro m  c a l i b r a t i o n  c u r v e s .
177Humphrey a n d  S h a r p  11 r e c e n t l y  i n t r o d u c e d  a n o t h e r  
p o l a r o g r a p h i c  m e th o d  b a s e d  on  t h e  e x c h a n g e  o f  i o d a t e  f o r  
s u l f a t e .  T h i s  r e s u l t e d  i n  e s s e n t i a l l y  a  t w e l v e  e l c e t r o n  
r e d u c t i o n  r e a c t i o n .  Bar ium  i o d a t e  was a d d e d  t o  a  s u l f a t e  
sa m p le  i n  a  1 : 1  w a t e r - e t h a n o l  s o l v e n t ,  a n d  t h e  s o l u t i o n  
was t h o r o u g h l y  m ix e d  a n d  f i l t e r e d .  A f t e r  a d d i t i o n  o f  a 
s m a l l  vo lum e o f  p e r c h l o r i c  a c i d ,  t h e  s o l u t i o n  was p u r g e d  
w i t h  n i t r o g e n  a n d  t h e  d i f f u s i o n  c u r r e n t  was m e a s u r e d  a t  
-0.5 v o l t s .  The c o n c e n t r a t i o n  r a n g e  was f ro m  3-^6 ppm 
s u l f a t e .
F . M i s c e l l a n e o u s  M e th o d s
Not a l l  o f  t h e  s u l f a t e  m e th o d s  c a n  be c l a s s i f i e d  i n t o  
one o f  t h e  f i v e  c a t e g o r i e s  a l r e a d y  d i s c u s s e d .  A n um b er  of 
o t h e r  i n t e r e s t i n g  t e c h n i q u e s  h a v e  b e e n  u t i l i z e d  a n d  should 
be m e n t i o n e d .  Some o f  t h e s e  m e th o d s  u s e d  r a d i o i s o t o p e s ,  
s o l u t i o n  t e m p e r a t u r e s ,  t h e  volume o f  a  p r e c i p i t a t e ,  spot 
t e s t s  a n d  e v e n  a  g a s  c h r o m a t o g r a p h .
The commercial availability of specific radioisotopes 
has led to the development of several sulfate methods. 
Bowen r proposed a radiometric method using iodine-131. 
The isotope in the form of sodium iodide, was used in the
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s y n t h e s i s  o f  b a r i u m  i o d a t e .  The l a b e l l e d  b a r i u m  i o d a t e  
was p l a c e d  i n  a  co lum n  s i m i l a r  t o  a n  i o n  e x c h a n g e  co lum n 
a n d  t h e  s u l f a t e  s a m p le  was p a s s e d  t h r o u g h  i t .  S i n c e  b a r iu m  
s u l f a t e  was l e s s  s o l u b l e  t h a n  b a r i u m  i o d a t e ,  t h e  s u l f a t e  
was e x c h a n g e d  f o r  t h e  i o d a t e .  The f i l t r a t e  was c o l l e c t e d  
i n  v i a l s  a n d  c o u n t e d  u s i n g  a  w e l l - t y p e  so d iu m  i o d i d e  
c r y s t a l  s e t  on t h e  O. 3 6  MeV gamma r a y  o f  t h e  i o d i n e - 1 3 1 -  
A b l a n k  c o r r e c t i o n  was n e c e s s a r y  t o  a c c o u n t  f o r  t h e  s o l u b i l ­
i t y  o f  t h e  b a r i u m  i o d a t e .  The m eth o d  was a p p l i e d  t o  s a m p le s  
c o n t a i n i n g  I 8 O-9 6 OO qg  o f  s u l f a t e .
K l e h r 1^  c h o s e  a  more d i r e c t  r o u t e  by u s i n g  t h e  b a r i u m -  
133  i s o t o p e  t o  p r e c i p i t a t e  s u l f a t e  i n  t h e  r a n g e  o f  0 - 5 0 0  
m g / l .  A f t e r  p r e c i p i t a t i o n  a n d  f i l t r a t i o n ,  e i t h e r  t h e  
p r e c i p i t a t e  o r  t h e  f i l t r a t e  was c o u n t e d  a n d  t h e  s u l f a t e  
c o n c e n t r a t i o n  was c a l c u l a t e d .
The n e c e s s i t y  o f  u s i n g  l a r g e  sam ple  v o lu m e s  h a s  made
t h e  g r a v i m e t r i c  d e t e r m i n a t i o n  o f  s u l f a t e  r a t h e r  cum bersom e.
T hro ug h  t h e  u s e  o f  t h e  b a r i u m - 1 3 3  i s o t o p e ,  D i m i t t  and  
180Graham w ere  a b l e  t o  d e v e l o p  a  p r o c e d u r e ,  w h ic h  r e q u i r e d  
o n l y  0 .1  ml o f  s a m p l e .  The s a m p le  c o n t a i n i n g  1 -2 0  (ig o f  
s u l f a t e  was p l a c e d  i n  a  s m a l l  a lum inum  d i s h ,  0 . 2  ml o f  
l a b e l l e d  b a r i u m  c h l o r i d e  was a d d e d ,  a n d  t h e  sam ple  was 
d r i e d  u n d e r  a  h e a t  l am p .  The p r e c i p i t a t e  was w a sh ed  t w i c e  
w i t h  m e t h a n o l  t o  remove t h e  e x c e s s  b a r i u m  c h l o r i d e .  A f t e r  
a  f i n a l  d r y i n g ,  t h e  a lum inum  d i s h e s  w ere  p l a c e d  u n d e r  a  
sod ium  i o d i d e - t h a l l i u m  a c t i v a t e d  c r y s t a l  a n d  c o u n t e d  f o r
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one m i n u t e .  To im p ro v e  t h e  r e p r o d u c i b i l i t y ,  a  n o n i o n i c  
s u r f a c t a n t  was a d d e d  t o  d i s p e r s e  t h e  p r e c i p i t a t e  a n d  
t o  a i d  i n  t h e  a d h e r e n c e  o f  t h e  p r e c i p i t a t e  t o  t h e  d i s h e s .
<1 Q 4
I n  1 924 ,  Dean a n d  W a t t s  i n t r o d u c e d  a n o t h e r  s u l f a t e  
t e c h n i q u e  — t h e  t h e r m o m e t r i c  t i t r a t i o n .  When a compound 
s u c h  a s  b a r i u m  s u l f a t e  was f o r m e d  i n  s o l u t i o n ,  a  c h a n g e  i n  
t h e  s o l u t i o n  t e m p e r a t u r e  was  n o t e d .  By m e a s u r i n g  t h e  
t e m p e r a t u r e  a f t e r  e a c h  a d d i t i o n  o f  b a r i u m  c h l o r i d e ,  a  
t i t r a t i o n  c u r v e  was o b t a i n e d  a n d  p l o t t e d ,  a n d  t h e  e n d p o i n t  
was l o c a t e d  g r a p h i c a l l y .  M i l l i g r a m  a m o u n ts  o f  s u l f a t e  
w e re  n e c e s s a r y  a s  t h e  t e m p e r a t u r e  c h a n g e s  o b s e r v e d  were  
l e s s  t h a n  one d e g r e e .
Im p ro v e m e n t s  i n  i n s t r u m e n t a t i o n  a n d  t e c h n i q u e s  l e d
4 Qp
W i l l i a m s  a n d  J a n a t a  t o  i n v e s t i g a t e  t h e  t h e r m o m e t r i c  
t i t r a t i o n  o f  s u l f a t e  more c l o s e l y .  By c o n n e c t i n g  a 
t h e r m i s t o r  t o  a  r e c o r d e r  t h r o u g h  a n  a . c .  t h e r m i s t o r  b r i d g e ,  
t h e  t e m p e r a t u r e  o f  t h e  sa m p le  s o l u t i o n  was a u t o m a t i c a l l y  
m e a s u r e d  a n d  r e c o r d e d .  The r a t e  o f  a d d i t i o n  o f  t h e  b a r iu m  
p e r c h l o r a t e  t i t r a n t  a n d  t h e  c h a r t  s p e e d  were  u s e d  t o  
c a l c u l a t e  t h e  e n d p o i n t  volume a n d  h e n c e ,  t h e  s u l f a t e  
c o n t e n t .  By e q u i l i b r a t i n g  t h e  sa m p le  i n  a  w a t e r  b a t h  
b e f o r e  t i t r a t i n g  a n d  by  u s i n g  a  70% e t h a n o l  medium, W i l l i a m s  
a n d  J a n a t a  w ere  a b l e  t o  d e t e r m i n e  1 - 2 5  mg o f  s u l f a t e  w i t h  
r e s a o n a b l e  s p e e d  a n d  a c c u r a c y .  Sodium f l u o r i d e ,  p h o s p h a t e  
a n d  a r s e n a t e  i n t e r f e r e d  when p r e s e n t  i n  a m ou n ts  g r e a t e r  
t h a n  t h e  s u l f a t e .
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R e c e n t l y  Dube a n d  Kimmerle^®^ p r o p o s e d  a n o t h e r  s e m i ­
a u t o m a t e d  t h r m o m e t r i c  t i t r a t i o n  f o r  1 -4 0  g / l  o f  s u l f a t e .
The sam ple  was t r e a t e d  w i t h  h y d r o c h l o r i c  a c i d ,  e q u i l i b r a t e d ,  
a n d  t i t r a t e d  w i t h  s t a n d a r d  b a r i u m  c h l o r i d e ,  u s i n g  a n  
a u t o m a t i c  b u r e t .  The i n c o r p o r a t i o n  o f  a  s i m p le  a n a l o g  
c o m p u t e r  i n t o  t h e  t h e r m i s t o r  m e a s u re m e n t  c i r c u i t r y  e n a b l e d  
Dube and  Kim merle  t o  o b t a i n  f i r s t  and  s e c o n d  d e r i v a t i v e  
c u r v e s  o f  t h e  d i r e c t  t i t r a t i o n  c u r v e ,  t h e r e b y  m ak in g  i t  
e a s i e r  t o  l o c a t e  t h e  t i t r a t i o n  e n d p o i n t .  The u s e  o f  a  
s t r o n g l y  a c i d i f i e d  sa m p le  e l i m i n a t e d  many o f  t h e  i n t e r f e r i n g  
a n i o n s .
W hile  some r e s e a r c h e r s  w e re  m e a s u r i n g  t h e  t e m p e r a t u r e
o f  a  s u l f a t e  s o l u t i o n ,  o t h e r s  w ere  m e a s u r i n g  t h e  volume o f
a  s u l f a t e  p r e c i p i t a t e .  One o f  t h e  f i r s t  s e d i m e t r i c a l
184s u l f a t e  m e th o d s  was d e v e l o p e d  by A r r h e n i u s  a n d  Riehm i n  
1926.  The s m a l l  s a m p le  s o l u t i o n  was p l a c e d  i n a  c e n t r i f u g e  
t u b e ,  a c i d i f i e d  w i t h  h y d r o c h l o r i c  a c i d ,  a n d  t r e a t e d  w i t h  
b a r i u m  c h l o r i d e .  A f t e r  c e n t r i f u g a t i o n  o f  t h e  b a r i u m  
s u l f a t e  p r e c i p i t a t e ,  t h e  d e p t h  o f  t h e  p r e c i p i a t e  i n  t h e  
t u b e  was m e a s u r e d .  A p r e v i o u s  c a l i b r a t i o n  showed t h a t  a 
d e p t h  o f  1 . 3  mm c o r r e s p o n d e d  t o  1 mg o f  s u l f a t e .  C a r e f u l  
a t t e n t i o n  h a d  t o  be p a i d  t o  r e a c t i o n  c o n d i t i o n s  a s  t h e  s i z e  
o f  t h e  p r e c i p i t a t e  v a r i e d  g r e a t l y  a c c o r d i n g  t o  t h e  c o n d i t i o n s .  
T h i s  l i m i t e d  t h e  m e tho d  t o  t h e  s m a l l  c o n c e n t r a t i o n  r a n g e  
o f  4 - 1 6 mg o f  s u l f a t e .
A s i m i l a r  p r o c e d u r e  was d e v e l o p e d  by  T o th  a n d
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L a k a t o s 1^  f o r  d e t e r m i n i n g  5~35 nig o f  s u l f a t e .  They 
a d d e d  h y d r o c h l o r i c  a c i d  and  ammonium c h l o r i d e  t o  t h e  
sam p le  b e f o r e  p r e c i p i t a t i n g  t h e  s u l f a t e  a t  85°  w i t h  
b a r i u m  c h l o r i d e .  A f t e r  c o o l i n g ,  t h e  s a m p le  was t r a n s f e r r e d  
t o  a  c e n t r i f u g e  t u b e ,  w h ic h  h a d  b e e n  f i t t e d  w i t h  a  c a l i ­
b r a t e d  c a p i l l a r y  t u b e .  The volume o f  t h e  p r e c i p i t a t e  
was r e a d  d i r e c t l y  f ro m  t h e  c a p i l l a r y  t u b e  c a l i b r a t i o n  
a f t e r  c e n t r i f u g a t i o n ,  a n d  t h e  amount  o f  s u l f a t e  was c a l ­
c u l a t e d  u s i n g  a  p r e v i o u s l y  d e t e r m i n e d  c o n v e r s i o n  f a c t o r .
The s e d i m e t r i c a l  a p p r o a c h  was n o t  t h e  o n l y  m e th od
w h ic h  r e q u i r e d  t h e  u s e  o f  s m a l l  v o lu m e s  o f  s a m p le .  A few
d r o p s  o f  s a m p le  w e re  s u f f i c i e n t  f o r  a  s p o t  t e s t  t o  be
1
c o n d u c t e d .  F e i g l  d e v e l o p e d  a  s u l f a t e  s p o t  t e s t  w h ic h  
u t i l i z e d  t h e  r e d - b r o w n  b a r i u m  r h o d i z o n a t e  p r e c i p i t a t e .
When a  s u l f a t e  sa m p le  was a d d e d  t o  t h e  p r e c i p i t a t e ,  t h e  
r e d - b r o w n  c o l o r  d i s a p p e a r e d  due t o  t h e  f o r m a t i o n  o f  i n s o l u b l e  
b a r i u m  s u l f a t e .  As l i t t l e  a s  5 p g  o f  sod ium  s u l f a t e  
w ere  d e t e c t a b l e .
B a l l c z o  a nd  H o d o s '^ ' '7 u s e d  F e i g l ' s  s p o t  t e s t  a s  t h e  
b a s i s  f o r  t h e i r  r i n g  o v en  p r o c e d u r e  f o r  s u l f a t e .  F i r s t ,  
sod ium  r h o d i z o n a t e  was w a sh ed  i n t o  a  r i n g  (12 mm) u s i n g  
m e t h a n o l i c  h y d r o c h l o r i c  a c i d .  T h i s  was f o l l o w e d  by  b a r i u m  
n i t r a t e  a n d  so d iu m  c h l o r i d e ,  w h i c h  r e s u l t e d  i n  t h e  f o r m a ­
t i o n  o f  t h e  r e d  b a r i u m  r h o d i z o n a t e .  The e x c e s s  b a r i u m  was 
t h e n  w ashed  o u t  o f  t h e  f i r s t  r i n g  i n t o  a  s e c o n d  l a r g e r  
r i n g  (32 mm) w i t h  m e t h a n o l i c  h y d r o c h l o r i c  a c i d .  A d r o p  o f
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s u l f a t e  s a m p le  was a d d e d  a n d  w a sh ed  t o  t h e  f i r s t  r i n g  w i t h  
h y d r o c h l o r i c  a c i d ,  w h e re  i t  r e a c t e d  w i t h  t h e  b a r i u m  
r h o d i z o n a t e ,  f o r m i n g  b a r i u m  s u l f a t e  a nd  r h o d i z o n a t e  i o n s .
The f r e e d  r h o d i z o n a t e  i o n s  w ere  t h e n  w ashed  i n t o  t h e  s e c o n d  
r i n g  o f  b a r i u m ,  w h e re  t h e  r e d  b a r i u m  r h o d i z o n a t e  was a g a i n  
f o r m e d .  The c o l o r  d e v e l o p e d  i n  t h e  s e c o n d  r i n g  was d i r e c t l y  
p r o p o r t i o n a l  t o  t h e  s u l f a t e  c o n t e n t .  The p r o c e d u r e  was
a b l e  t o  d e t e c t  a s  l i t t l e  a s  5 n g  o f  s u l f a t e .
1 f if tM e d i t s c h  a n d  C a s t i e l  d e v e l o p e d  a n o t h e r  s p o t  t e s t  
p r o c e d u r e  w h ic h  t h e y  w ere  a b l e  t o  q u a n t i f y  f o r  5 ° - 1 0 0 0  PPm 
s u l f a t e .  A f t e r  c o n c e n t r a t i o n  an d  r e m o v a l  o f  c h l o r i d e ,  t h e  
sa m p le  was p a s s e d  t h r o u g h  a  c a t i o n  e x ch a n g e  co lum n ,  where  
t h e  s u l f a t e  was c o n v e r t e d  t o  s u l f u r i c  a c i d .  Ten m i c r o l i t e r s  
o f  s a m p le  w ere  s p o t t e d  on a  f i l t e r  p a p e r  a n d  a d ro p  o f  
s i l v e r  e t h y l e n e d i a m i n e  c h r o m a te  was a d d e d .  The d i a m e t e r  
o f  t h e  r e d  s p o t  f o r m e d  was l o g a r i t h m i c a l l y  r e l a t e d  t o  t h e  
s u l f a t e  c o n c e n t r a t i o n .
The f i n a l  s u l f a t e  m e th o d  t o  be d e s c r i b e d  was a  r a t h e r
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u n i q u e  m e th o d  u t i l i z i n g  a  g a s  c h r o m a t o g r a p h .  Aqueous 
s u l f a t e  s a m p le s  w ere  e v a p o r a t e d  t o  d r y n e s s  a n d  t r e a t e d  
w i t h  a  t i n ( I I ) - s t r o n g  p h o s p h o r i c  a c i d  r e a g e n t  t o  r e d u c e  
t h e  s u l f a t e  t o  h y d r o g e n  s u l f i d e .  The amount  o f  h y d r o g e n  
s u l f i d e  was d e t e r m i n e d  by  g a s  c h r o m a t o g r a p h y  u s i n g  c a r b o n  
d i o x i d e  a s  a n  i n t e r n a l  s t a n d a r d .  A c a l i b r a t i o n  c u r v e  f o r  
1 . 3 2 - 1 3 . 2  mg s u l f a t e  was p r e p a r e d  by p l o t t i n g  s u l f a t e  
v a l u e s  v s .  t h e  p e a k  a r e a  r a t i o  o f  h y d r o g e n  s u l f i d e  t o
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c a r b o n  d i o x i d e .  The m eth o d  was a l s o  a p p l i c a b l e  t o  a  wide  




A. P y r o l y t i c  M ethod
1. A p p a r a t u s
S u l f u r  D i o x i d e  P e r m e a t i o n  T u b e s  — L i q u i d  s u l f u r  
d i o x i d e  was s e a l e d  i n  6 mm i . d .  X 120 mm T e f l o n  t u b e s  w i t h  
T e f l o n  p l u g s  a t  b o t h  e n d s .  The t u b e s  w e re  p l a c e d  i n  a 
t h e r m o s t a t t e d  p e r m e a t i o n  c h a m b e r  a t  8 6 ° F  w i t h  p u r i f i e d  a i r  
c o n s t a n t l y  f l o w i n g  t h r o u g h  t h e  c h a m b e r .  R e p e a te d  w e i g h i n g s  
o f  t h e  t u b e s  o v e r  a n  e x t e n d e d  p e r i o d  o f  t i m e  were  u s e d  t o  
d e t e r m i n e  t h e  p e r m e a t i o n  r a t e  o f  e a c h  t u b e .  Two p e r m e a t i o n  
t u b e s  w ere  u s e d  w i t h  p e r m e a t i o n  r a t e s  o f  9 - 9 7  ( ig /m in  and  
9 - 5 0  ( ig /m in .
S t i r  P l a t e  - -  A T h e rm o ly n e  Model  SP10105B M id g e t  S t i r  
P l a t e  was u s e d  f o r  h e a t i n g  s a m p l e s .  A l a r g e r  m odel  c a n  be 
u s e d  when n e e d e d .
B e a k e r s  - -  One 15 ml P y r e x  b e a k e r  was n e e d e d  f o r  
e a c h  s a m p le .
H y d r i o n  P a p e r  — H y d r i o n  A w i t h  a  pH r a n g e  o f  2 - 4 - 6 -
8 - 1 0  was u s e d  f o r  a p p r o x i m a t e  pH d e t e r m i n a t i o n s .
V o l u m e t r i c  F l a s k s  - -  One 10 ml v o l u m e t r i c  f l a s k  was
u s e d  f o r  e a c h  s a m p l e .  V a r i o u s  o t h e r  s i z e s  ( i . e .  1 l i t e r ,
250  m l ,  100 m l ,  50  m l )  w ere  r e q u i r e d  f o r  t h e  p r e p a r a t i o n
o f  s t a n d a r d  s o l u t i o n s  a n d  o t h e r  r e a g e n t s .
P i p e t s  — T r a n s f e r  p i p e t s  o f  1 - 1 0 ,  1 5 ,  2 0 ,  and  25 ml 
w ere  u s e d  t o  m e a s u r e  t h e  o r i g i n a l  sam ple  v o lu m e s  a n d  t o  
p r e p a r e  s t a n d a r d  s o l u t i o n s .  E p p e n d o r f  p i p e t s  o f  10 ,  5 0 ,
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an d  100  p i  v o lu m e s  w ere  u s e d  t o  p r e p a r e  t h e  p y r o l y s i s  
s a m p l e s .  Thomas p i p e t s  w i t h  a  1 ml d e l i v e r y  volume were  
u s e d  t o  a d d  t h e  p - r o s a n i l i n e  h y d r o c h l o r i d e  a n d  f o r m a l d e h y d e  
f o r  t h e  s p e c t r o p h o t o m e t r i c  f i n i s h .
P y r o l y s i s  D i s h e s  - -  S o f t  g l a s s  v i a l s  o f  v a r i o u s  s i z e s  
(18 mm o . d .  X 120 mm, 21 mm o . d .  X 70 mm, 22 mm o . d .  X 
120  mm) were  c u t  10 mm f ro m  t h e  b o t to m  t o  p r o v i d e  p y r o l y s i s  
d i s h e s  w i t h  16 mm, 19 mm o r  20  mm i . d . ' s .
D ry in g  Oven - -  An o v en  was s e t  a t  8 0 °  f o r  t h e  s lo w  
e v a p o r a t i o n  o f  p y r o l y s i s  s a m p l e s .
P y r o l y s i s  A p p a r a t u s  w i t h  Oven,  C o m b u s t io n  T r a i n ,  
I n j e c t o r  S y s te m ,  a n d  F low Sys tem  - -  The e n t i r e  s y s t e m  i s  
shown i n  F i g u r e  2 .  F o r  t h e  p y r o l y s i s  o v e n ,  a  S a r g e n t  
m i c r o c o m b u s t i o n  f u r n a c e  ( S - 2 1 5 8 0 )  was m o d i f i e d  t o  a c c e p t  a 
33 mm o . d .  q u a r t z  t u b e .  The o r i g i n a l  h e a t i n g  c o i l s  were  
u t i l i z e d  a l o n g  w i t h  a  L i n d b u r g  s e m i - c y l i n d r i c a l  c e r a m i c  
h e a t i n g  b l o c k  (Model  No. 5 0 0 2 2 ,  Type 76KS U n i t ,  350 w a t t s ,  
5 7 - 5  v o l t s ) ,  w h ic h  was a d d e d  t o  t h e  t o p  h i n g e  o f  t h e  o v e n .  
The L in d b u r g  h e a t i n g  b l o c k  was r e g u l a t e d  by a  s e p a r a t e  
V a r i a c . The two h e a t i n g  u n i t s  were  s e t  t o  m a i n t a i n  an  oven  
t e m p e r a t u r e  o f  5 0 0 ° .  F o r  t h e  c o m b u s t i o n  t r a i n ,  a 33 mm o . d .  
3 ^ /^ 5  f e m a le  g r o u n d  g l a s s  j o i n t  was a t t a c h e d  t o  one en d  o f  
a 33 mm o . d .  X 3 6 0 mm q u a r t z  t u b e  a n d  a n  11 mm o . d .  X 210 mm 
q u a r t z  t u b e  was a t t a c h e d  t o  t h e  o t h e r  e n d .  A g l a s s  b u b b l e r  
was c o n n e c t e d  t o  t h e  q u a r t z  t u b e  w i t h  7 mm i . d .  T e f l o n  
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a n g l e  b e n d .  The i n j e c t i o n  s y s t e m  was t h e  same one u s e d
121by  M a d d a lo n e ,  e t  a l , w i t h  t h e  e x c e p t i o n  o f  t h e  6 mm o . d .  
q u a r t z  i n j e c t i o n  f o r k  w h ic h  was l e n g t h e n e d  t o  480 mm an d  
r e d e s i g n e d  t o  h o l d  a n  18 -2 2  mm o . d .  p y r o l y s i s  d i s h .  F o r  
a c t u a l  c o n s t r u c t i o n  d e t a i l s ,  s e e  r e f e r e n c e  121 .  The n i t r o ­
g e n  f l o w  s y s t e m  o f  500  m l / m in  was o p e r a t e d  i n  e i t h e r  a 
p y r o l y s i s  o r  b a c k f l u s h  mode.  I n  t h e  p y r o l y s i s  mode,  
n i t r o g e n  f l o w e d  t h r o u g h  t h e  r o t a m e t e r ,  i n t o  t h e  o ven  v i a  
t h e  i n j e c t o r  s y s t e m ,  a n d  o u t  t h e  g l a s s  b u b b l e r  a t  t h e  end  
o f  t h e  c o m b u s t i o n  t r a i n .  F o r  t h e  b a c k f l u s h  mode,  t h e  two
4-w ay  v a l v e s  a n d  t h e  3 -w ay  s t o p c o c k  w ere  s w i t c h e d ,  a l l o w i n g  
n i t r o g e n  t o  f l o w  t h r o u g h  t h e  s t o p c o c k ,  i n t o  t h e  oven an d  
i n j e c t o r ,  a n d  o u t  t h r o u g h  t h e  4 -w ay  v a l v e .  T h i s  a l l o w e d  
a  n i t r o g e n  a t m o s p h e r e  t o  be m a i n t a i n e d  i n s i d e  t h e  o v e n ,  
e v e n  when t h e  i n j e c t o r  s y s t e m  was d i s c o n n e c t e d  a t  t h e  g r o u n d  
g l a s s  j o i n t  t o  c h a n g e  p y r o l y s i s  s a m p l e s .
B u b b l e r s  - -  T w e n t y - n i n e  mm X 116 mm P y r e x  c e n t r i f u g e  
t u b e s  w i t h  p o u r s p o u t s  c a p a b l e  o f  h o l d i n g  a p p r o x i m a t e l y  
50 ml were  u s e d  a s  p a r t  o f  t h e  b u b b l e r  a t  t h e  e n d  o f  t h e  
c o m b u s t i o n  t r a i n .
S to p  Watch - -  A M e y lan  s t o p w a t c h ,  B r e n e t  Model  No. 55 ,  
was u s e d  t o  m e a s u r e  t h e  p y r o l y s i s  t im e  o f  2 i  m in  a n d  t h e  
c o l o r  d e v e l o p m e n t  t im e  o f  30  m in .
L / l  R e p i p e t  D i s p e n s e r  - -  A 10 ml R e p i p e t  f rom  Lab 
I n d u s t r i e s  was u s e d  t o  d i s p e n s e  t h e  sod ium  t e t r a c h l o r o -  
m e r c u r a t e ( I I ) .
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Y i a l s  w i t h  Caps  - -  S i x t e e n  mm X 125 mm b o r o s i l i c a t e  
g l a s s  c u l t u r e  t u b e s  w i t h  s c r e w - o n  c a p s  w ere  u s e d  t o  h o l d  
t h e  b u b b l e r  sa m p le  s o l u t i o n s  f o r  t h e  s p e c t r o p h o t o m e t r i c  
f i n i s h .
S p e c t r o p h o t o m e t e r  - -  A Beckman DB s e t  a t  560 nm w i t h  
a  1 cm c e l l  was u s e d .
2 .  R e a g e n t s
S t a n d a r d  S u l f a t e  S o l u t i o n s  - -  S u l f u r i c  a c i d ,  sod ium  
s u l f a t e  o r  p o t a s s i u m  s u l f a t e  was u s e d  t o  p r e p a r e  n u m ero u s  
s t a n d a r d  s u l f a t e  s o l u t i o n s .  R e a g e n t  g r a d e  so d iu m  s u l f a t e  
( 1 .4 7 8 7  g Na2 S0^ )  o r  p o t a s s i u m  s u l f a t e  ( 1 . 8 l 4 l  g KgSO^) 
was d i s s o l v e d  i n  d e i o n i z e d  w a t e r  a n d  d i l u t e d  t o  100  ml t o  
make a  s t o c k  s o l u t i o n  o f  10 | i g /p . l  s u l f a t e  ( 1 0 , 0 0 0  ppm ) .
T h ese  s t o c k  s o l u t i o n s  were  t h e n  d i l u t e d  a s  n e c e s s a r y  t o  
p r o v i d e  a d d i t i o n a l  s t a n d a r d s .  A 1 p.g/p.1 s u l f a t e  s t a n d a r d  
was p r e p a r e d  by  d i l u t i n g  l 6 . 4  ml o f  0 .1 2 6 9  N s u l f u r i c  a c i d  
t o  100  ml w i t h  d e i o n i z e d  w a t e r .
C a t i o n  E x ch a n g e  R e s i n  - -  Dowex 50W-X8, H+ f o r m ,  2 0 -5 0  
m esh,  was u s e d  t o  fo rm  a  co lu m n  8 - 1 0  cm i n  h e i g h t .
H y d r o c h l o r i c  A c i d ,  1M - -  C o n c e n t r a t e d  h y d r o c h l o r i c  
a c i d ,  r e a g e n t  g r a d e ,  was d i l u t e d  t o  a p p r o x i m a t e l y  1M. The 
e x a c t  c o n c e n t r a t i o n  n e e d  n o t  be known.
Sodium T e t r a c h l o r o m e r c u r a t e ( I I ) , 0.1M - -  R e a g e n t  
g r a d e  m e r c u r i c  c h l o r i d e  (2 7 . 2  g )  a n d  so d iu m  c h l o r i d e  ( 1 1 . 7  g )  
w e re  d i s s o l v e d  a nd  d i l u t e d  t o  1 l i t e r  w i t h  d e i o n i z e d  w a t e r .
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2 -P e r im id in y la m in o n iu in  B ro m id e ,  0.5% - -  The PDA-Br
190was s y n t h e s i z e d  a c c o r d i n g  t o  t h e  m e th od  o f  McClure  y a nd  
r e c r y s t a l l i z e d  f rom  m e t h a n o l  b e f o r e  u s e .  A f r e s h  s o l u t i o n  
was p r e p a r e d  d a i l y  u s i n g  50 mg o f  PDA-Br i n  10 ml o f  
d e i o n i z e d  w a t e r .
F o r m a ld e h y d e ,  0 .2% — O n e - h a l f  m i l l i l i t e r  o f  37% 
f o r m a l d e h y d e  was d i l u t e d  t o  a p p r o x i m a t e l y  100  ml w i t h  
d e i o n i z e d  w a t e r .  The s o l u t i o n  m u s t  be made f r e s h  d a i l y .
p - R o s a n i l i n e  H y d r o c h l o r i d e  — R e a g e n t  g r a d e  p - r o s a n i l -  
i n e , 0 . 6k  g ,  was d i s s o l v e d  i n  2^-0 ml o f  c o n c e n t r a t e d  
h y d r o c h l o r i c  a c i d  a n d  d i l u t e d  t o  one l i t e r  w i t h  d e i o n i z e d  
w a t e r  t o  p r o v i d e  a  c o n c e n t r a t e d  s t o c k  s o l u t i o n .  The 
w o r k i n g  s o l u t i o n  was p r e p a r e d  by  d i l u t i n g  25  ml o f  t h i s  
s t o c k  s o l u t i o n  t o  100  ml w i t h  d e i o n i z e d  w a t e r .
A n io n  I n t e r f e r e n c e s  - -  A 10 ( i g / | i l  s t o c k  s o l u t i o n  was 
p r e p a r e d  f o r  e a c h  a n i o n  t e s t e d ,  u s i n g  so d ium  o r  p o t a s s i u m  
s a l t s  d i s s o l v e d  i n  d e i o n i z e d  w a t e r .  Ten m i l l i l i t e r s  o f  t h e  
s t o c k  was d i l u t e d  t o  100  ml t o  p r o v i d e  a  w o r k i n g  s o l u t i o n  o f  
1 pg/jj .1.  A d d i t i o n a l  d i l u t i o n s  w ere  made a s  n e e d e d .  A n io n s  
t e s t e d  i n c l u d e d :  c h l o r i d e ,  b r o m i d e ,  f l u o r i d e ,  b i c a r b o n a t e ,  
n i t r a t e ,  h y d r o g e n  p h o s p h a t e ,  d i h y d r o g e n  p h o s p h a t e ,  a c e t a t e ,  
f o r m a t e , o x a l a t e ,  EDTA, a n d  s u l f i t e .
3- P r o c e d u r e s
a .  W a te r  S a m p le s .  - -  I f  t h e  w a t e r  s a m p le  was t u r b i d ,  
i t  was f i l t e r e d  t h r o u g h  a  f i n e ,  a s h l e s s  f i l t e r
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p a p e r  s u c h  a s  Whatman M .  A p p r o x i m a t e l y  1 5 -2 0  ml o f  t h e  
w a t e r  sam ple  was r u n  t h r o u g h  t h e  i o n  e x c h a n g e  co lum n  w i t h  
t h e  f i r s t  J - k  ml b e i n g  d i s c a r d e d  a n d  t h e  n e x t  10 ml b e i n g  
c o l l e c t e d  a n d  p l a c e d  i n  a  15 ml b e a k e r .  A b l a n k  o f  10 ml 
d e i o n i z e d  w a t e r  was t r e a t e d  a l o n g  w i t h  t h e  s a m p le .  T h re e  
d r o p s  o f  1M h y d r o c h l o r i c  a c i d  were  a d d e d  (pH < 2 )  a n d  t h e  
sa m p le  was h e a t e d  a n d  m a i n t a i n e d  a t  o r  n e a r  b o i l i n g  u n t i l  
a p p r o x i m a t e l y  5 ml r e m a i n e d .  The sa m p le  was c o o l e d  s l i g h t l y  
and  t r a n s f e r r e d  q u a n t i t a t i v e l y  t o  a  10 ml v o l u m e t r i c  f l a s k  
a n d  d i l u t e d  w i t h  d e i o n i z e d  w a t e r .  A 100 q l  a l i q u o t  o f  t h e  
sa m p le  and  300 q l  o f  PDA-Br were  a d d e d  t o  a 19 mm i . d .  
p y r o l y s i s  d i s h ,  m ix e d ,  a n d  p l a c e d  i n  t h e  d r y i n g  oven  u n t i l  
d r y  ( a p p r o x i m a t e l y  one h o u r ) .  T r i p l i c a t e  p y r o l y s i s  s a m p le s  
were  p r e p a r e d  f o r  e a c h  w a t e r  s a m p le  a n d  t h e  b l a n k .
When t h e  s a m p l e s  w e re  d r y ,  t h e y  w ere  rem oved  f rom  t h e  
o v e n ,  c o o l e d ,  a n d  p y r o l y z e d  a s  f o l l o w s :  1. The f l o w
s y s t e m  was s e t  i n  t h e  b a c k f l u s h  mode.  2 .  The i n j e c t i o n  
f o r k  was w i t h d r a w n  f rom  t h e  h o t  ov en  a n d  t h e  e n t i r e  i n j e c t i o n  
s y s t e m  was d i s c o n n e c t e d  f ro m  t h e  q u a r t z  t u b e  a t  t h e  g r o u n d  
g l a s s  j o i n t .  3* A f t e r  r e m o v i n g  t h e  p r e v i o u s  sa m p le  d i s h ,  
a  new sa m p le  d i s h  was p l a c e d  on t h e  i n j e c t i o n  f o r k ,  a n d  t h e  
i n j e c t i o n  s y s t e m  was r e c o n n e c t e d  a t  t h e  g r o u n d  g l a s s  
j o i n t .  (The s a m p le  s h o u l d  be i n  t h e  c o o l  zone  a h e a d  o f  t h e  
p y r o l y s i s  oven  a t  t h i s  p o i n t . )  4 .  The f l o w  s y s t e m  was s e t  
i n  t h e  p y r o l y s i s  mode. 5 * A b u b b l e r  c o n t a i n i n g  10 ml o f  
t h e  t e t r a c h l o r o m e r c u r a t e ( I I ) a b s o r b i n g  s o l u t i o n  was
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p l a c e d  on t h e  e nd  o f  t h e  c o m b u s t i o n  t r a i n .  6 . The sam ple  
an d  i n j e c t i o n  f o r k  w ere  p u s h e d  i n t o  t h e  h o t  oven a nd  
p y r o l y z e d  f o r  2 i  m i n u t e s  ( m e a s u r e d  w i t h  a  s t o p w a t c h ) .
7 . The b u b b l e r  was rem oved  a n d  t h e  a b s o r b i n g  s o l u t i o n  
was p o u r e d  i n t o  a  v i a l  a nd  c a p p e d .  8 .  The b u b b l e r  e n d  o f  
t h e  c o m b u s t i o n  t r a i n  was r i n s e d  w i t h  w a t e r .  9- The e n t i r e  
c y c l e  b e g i n n i n g  w i t h  S t e p  1 was r e p e a t e d  f o r  t h e  r e m a i n i n g  
s a m p l e s .
When a l l  t h e  s a m p l e s  hav e  b e e n  p y r o l y z e d ,  1 ml o f  t h e  
f o r m a l d e h y d e  s o l u t i o n  a n d  1 ml o f  t h e  p - r o s a n i l i n e  s o l u t i o n  
w ere  a d d e d  t o  e a c h  v i a l .  The v i o l e t  c o l o r  was a l l o w e d  t o  
d e v e l o p  f o r  t h i r t y  m i n u t e s  (±5  m in )  a n d  t h e n  t h e  a b s o r b a n c e  
o f  e a c h  s a m p le  i n c l u d i n g  t h e  b l a n k  was m e a s u r e d  a t  560  nm 
w i t h  a  1 cm c e l l  v s .  a i r  a s  t h e  r e f e r e n c e .  Z e ro  a b s o r b a n c e  
(A) was s e t  w i t h  d e i o n i z e d  w a t e r .  A f t e r  s u b t r a c t i n g  t h e  b l a n k  
v a l u e  f rom  t h e  sa m p le  t o  o b t a i n  t h e  n e t  a b s o r b a n c e ,  t h e  
s u l f a t e  c o n c e n t r a t i o n  was d e t e r m i n e d  f rom  a c a l i b r a t i o n  
c u r v e ,  w h ic h  was p r e p a r e d  u s i n g  sod ium  s u l f a t e  s t a n d a r d s  
( 0 - 1 2 0  ppm) t r e a t e d  a n d  p y r o l y z e d  i n  t h e  same m an n e r  a s  t h e  
s a m p l e s .
A q u i c k  a n d  e a s y  p r e l i m i n a r y  t e s t  c a n  be done on e a c h  
w a t e r  sam ple  t o  d e t e r m i n e  t h e  a p p r o x i m a t e  s u l f a t e  c o n c e n t r a ­
t i o n ,  a n d  h e n c e  t h e  a p p r o p r i a t e  sa m p le  o r  p y r o l y s i s  a l i q u o t  
s i z e .  A 100 p i  a l i q u o t  o f  t h e  o r i g i n a l  u n t r e a t e d  sa m p le  
was p l a c e d  i n  a  p y r o l y s i s  d i s h  a n d  3°0  p i  o f  PDA-Br was 
a d d e d .  The amount o f  p r e c i p i t a t e  fo rm ed  was c o m p a re d  t o
8 k
a  100 ppm s u l f a t e  s o l u t i o n  t r e a t e d  i n  t h e  same m a n n e r .  I f  
t h e  sam p le  a p p e a r e d  t o  c o n t a i n  <10  ppm, t h e  p y r o l y s i s  
a l i q u o t  was i n c r e a s e d  t o  200 ( i l .  I f  t h e  sa m p le  c o n t a i n e d  
> 1 2 0  ppm, t h e  10 ml sa m p le  vo lum e was d e c r e a s e d  t o  1 - 5  ml 
d e p e n d i n g  on t h e  am ount  o f  d i l u t i o n  d e s i r e d .  The d i l u t i o n  
o r  c o n c e n t r a t i o n  m u s t  he t a k e n  i n t o  a c c o u n t  when c a l c u l a t i n g  
t h e  o r i g i n a l  s u l f a t e  c o n c e n t r a t i o n .
A f t e r  t h e  d e t e r m i n a t i o n  was c o m p l e t e d ,  t h e  a p p a r a t u s  
was c l e a n e d  t o  remove a n y  o r g a n i c  d e b r i s  o r  t e t r a c h l o r o -  
m e r c u r a t e { I I ) r e m a i n i n g  i n  t h e  c o m b u s t i o n  t r a i n .  The 
q u a r t z  t u b e  was d i s c o n n e c t e d  f ro m  t h e  r e m a i n d e r  o f  t h e  
c o m b u s t i o n  t r a i n  a n d  c l e a n e d  by s u p p l y i n g  oxygen  i n s t e a d  o f  
n i t r o g e n  a n d  i n c r e a s i n g  t h e  oven  t e m p e r a t u r e  t o  7 0 0 ° .  The 
o t h e r  p i e c e s  o f  t h e  c o m b u s t i o n  t r a i n  were  c l e a n e d  by  r i n s i n g  
w i t h  a c e t o n e  a n d  a l l o w i n g  them t o  a i r  d r y .  The b u b b l e r s  
a n d  v i a l s  w ere  w a shed  w i t h  so a p  a n d  w a t e r ,  r i n s e d  w i t h  1 :1  
h y d r o c h l o r i c  a c i d  a n d  d e i o n i z e d  w a t e r ,  a n d  a l l o w e d  t o  a i r  
d r y .  The p y r o l y s i s  d i s h e s  c a n  be r e u s e d  a f t e r  b o i l i n g  w i t h  
c o n c e n t r a t e d  n i t r i c  a c i d ,  r i n s i n g  w i t h  d e i o n i z e d  w a t e r ,  and  
a i r  d r y i n g .
b .  S u l f u r  D i o x i d e  C a l i b r a t i o n  C u r v e .  - -  To 
p r e p a r e  500  ml o f  s t o c k  s o l u t i o n  c o n t a i n i n g  2 . 5  p g / m l  s u l f u r  
d i o x i d e ,  one o f  t h e  two p r e v i o u s l y  c a l i b r a t e d  p e r m e a t i o n  
t u b e s  was p l a c e d  i n  t h e  p e r m e a t i o n  c h am b er  a t  a  t e m p e r a t u r e  
o f  8 6 °F .  A i r ,  p u r i f i e d  by  p a s s i n g  i t  t h r o u g h  a  s e r i e s  o f
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c h a r c o a l  a n d  s i l i c a  g e l  f i l t e r s ,  was sv/ept  t h r o u g h  t h e  
c h am b er  a t  a  r a t e  o f  1 l i t e r / m i n .  A p p r o x i m a t e l y  150 ml o f
0.1M sod ium  t e t r a c h l o r o m e r c u r a t e ( I I ) was p u t  i n  a  f r i t t e d  
g l a s s  b u b b l e r  a n d  t h e  b u b b l e r  was t h e n  c o n n e c t e d  t o  t h e  
p e r m e a t i o n  c h a m b e r .  The s y s t e m  was a l l o w e d  t o  r u n  f o r  
an  a p p r o p r i a t e  l e n g t h  o f  t i m e ,  c a l c u l a t e d  from t h e  p e rm e a ­
t i o n  r a t e  o f  t h e  t u b e  and  t h e  c o n c e n t r a t i o n  and  volume o f  
t h e  d e s i r e d  s t a n d a r d  s o l u t i o n .  At t h e  e n d  o f  t h e  b u b b l i n g  
t i m e ,  t h e  b u b b l e r  was rem oved  a n d  t h e  a b s o r b i n g  s o l u t i o n  
was t r a n s f e r r e d  t o  a  v o l u m e t r i c  f l a s k  a n d  d i l u t e d  t o  
volume w i t h  a d d i t i o n a l  t e t r a c h l o r o m e r c u r a t e ( I I ) .
F o r  t h e  c a l i b r a t i o n  c u r v e , a l i q u o t s  o f  t h e  s t o c k  
s o l u t i o n  were  d i l u t e d  w i t h  t e t r a c h l o r o m e r c u r a t e ( I I )  t o  
make s t a n d a r d s  o f  2 , k ,  6 , . . . ,  20 p g  s u l f u r  d i o x i d e  p e r  
10 m l .  Ten ml o f  e a c h  o f  t h e s e  s t a n d a r d s  p l u s  a  b l a n k  o f  
10 ml t e t r a c h l o r o m e r c u r a t e ( I I ) were  p l a c e d  i n  c a p p e d  v i a l s  
an d  1 ml e a c h  o f  f o r m a l d e h y d e  a n d  p - r o s a n i l i n e  were  a d d e d .  
The a b s o r b a n c e  o f  e a c h  s o l u t i o n  was r e a d  a f t e r  3 °  m i n u t e s  
± 5  a t  580  nm w i t h  a 1 cm c e l l  u s i n g  a i r  a s  t h e  r e f e r e n c e .
The n e t  a b s o r b a n c e  was p l o t t e d  v s .  p g  s u l f u r  d i o x i d e  p e r  
10 ml t o  o b t a i n  a  c a l i b r a t i o n  c u r v e  l i k e  t h e  one shown 
i n  F i g u r e  3■
c .  C h l o r i d e  S t u d y .  - -  T h i s  s t u d y  was u n d e r t a k e n  t o  
o b s e r v e  t h e  e f f e c t s  o f  t h e  amount  o f  c h l o r i d e  on t h e  r e c o v e r y  
o f  s u l f a t e  u s i n g  t h e  p y r o l y s i s  t e c h n i q u e .  I n  a d d i t i o n ,  t h e
FIGURE 3
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e f f e c t s  o f  t h e  p y r o l y s i s  d i s h  s i z e  and  t h e  volume o f  PDA-Br 
were  i n v e s t i g a t e d .  T r i p l i c a t e  10 p g  s u l f a t e  s a m p le s  were  
u s e d  i n  e a c h  c a s e  b y  t a k i n g  a  10 p i  a l i q u o t  o f  a s o l u t i o n  
c o n t a i n i n g  1 p g / p l  s u l f a t e  a s  s u l f u r i c  a c i d .  F i f t y ,  70, 
o r  100  p i  a l i q u o t s  o f  a  1 p g / p l  c h l o r i d e  s o l u t i o n  ( a s  
p o t a s s i u m  c h l o r i d e )  w e re  u s e d  t o  g i v e  5 0 , 7 0 , o r  100  pg  o f  
a d d e d  c h l o r i d e .  The p y r o l y s i s  d i s h  s i z e  u s e d  was e i t h e r  
l 6 mm o r  20 mm i . d .  A f t e r  t h e  s u l f a t e  and  c h l o r i d e  were  
p l a c e d  i n  t h e  p y r o l y s i s  d i s h ,  PDA-Br was a d d e d  i n  200 p i ,
250 (_l 1 ,  o r  300 p i  a l i q u o t s .  The s a m p le s  were  m ix e d ,  d r i e d  
and  p y r o l y z e d  a c c o r d i n g  t o  p r o c e d u r e  a f o r  w a t e r  s a m p l e s .
d .  A n ion  I n t e r f e r e n c e  S t u d y .  - -  T h i s  s t u d y  was d e s i g n e d  
t o  t e s t  t h e  e f f e c t  o f  v a r i o u s  a n i o n s  on t h e  p y r o l y s i s  b l a n k  and  
on t h e  s u l f a t e  r e c o v e r y  u s i n g  t h e  p y r o l y s i s  t e c h n i q u e .  F o r  
t h e  p y r o l y s i s  b l a n k  t e s t ,  10 pg  o f  a n  a n i o n  a nd  300 p i  o f  PDA-Br 
were  p l a c e d  i n  a  1 9 mm i . d .  d i s h ,  m ix e d ,  d r i e d  a nd  p y r o l y z e d  
a c c o r d i n g  t o  p r o c e d u r e  a .  F o r  d e t e r m i n i n g  s u l f a t e  r e c o v e r i e s ,  
l O p g o f  s u l f a t e  (10  p i  o f  t h e  1 p g / p l  s u l f u r i c  a c i d  s t a n d a r d ) ,  
10 o r  100  pg  o f  a n  i n t e r f e r i n g  a n i o n  (10  o r  100  p i  o f  t h e  
1 p g / p l  a n i o n  s o l u t i o n ) ,  a n d  300 p i  o f  PDA-Br were  a d d e d  t o  
a  19 mm i . d .  p y r o l y s i s  d i s h ,  m ix e d ,  d r i e d  a nd  p y r o l y z e d  a s  
a b o v e .  T r i p l i c a t e  a n a l y s e s  w ere  r u n  f o r  a l l  s a m p l e s .
§_. B i c a r b o n a t e  S t u d y .  — T h i s  s t u d y  was d e s i g n e d
t o  f i n d  t h e  opt imum c o n d i t i o n s  f o r  t h e  r e m o v a l  o f  b i c a r b o n ­
a t e  u s i n g  a n  a c i d  t r e a t m e n t  on t h e  sa m p le  b e f o r e  i t s
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p y r o l y s i s .  A m ix e d  sa m p le  c o n t a i n i n g  100 ppm s u l f a t e ,  200 
ppm b i c a r b o n a t e ,  ^00  ppm c h l o r i d e ,  a n d  10 ppm n i t r a t e  was 
p r e p a r e d  u s i n g  t h e  s t o c k  10 p g / p l  s o l u t i o n s  o f  e a c h  a n i o n .  
D e i o n i z e d  w a t e r  was u s e d  a s  t h e  b l a n k  a n d  a  100 ppm s u l f a t e  
s o l u t i o n  ( a s  so d iu m  s u l f a t e )  was u s e d  a s  t h e  s t a n d a r d  f o r  
r e c o v e r y  c o m p a r i s o n s .
A 10 ml a l i q u o t  o f  t h e  sa m p le  was p l a c e d  i n  a  15 ml 
b e a k e r  an d  s e v e r a l  d r o p s  o f  h y d r o c h l o r i c  a c i d  (6M, 3M, o r  
1M) w ere  a d d e d  u n t i l  a  pH o f  <2 was o b s e r v e d  u s i n g  pH 
p a p e r .  The sa m p le  was h e a t e d  j u s t  b e lo w  b o i l i n g  u n t i l  t h e  
volume was r e d u c e d  t o  a p p r o x i m a t e l y  5 m l .  I n  s e v e r a l  
e x p e r i m e n t s ,  t h e  sa m p le  was c a r e f u l l y  e v a p o r a t e d  t o  d r y n e s s  
a n d  t h e  r e s i d u e  was r e d i s s o l v e d  i n  a p p r o x i m a t e l y  5 ml o f  
d e i o n i z e d  w a t e r .  A f t e r  c o o l i n g ,  t h e  pH was a d j u s t e d  t o
5 - 6  w i t h  ammonium h y d r o x i d e  ( 0 . 1M o r  0 . 5M) o r  ammonium 
a c e t a t e  (0 .1M o r  0.5M) a nd  t h e  sa m p le  was q u a n t i t a t i v e l y  
t r a n s f e r r e d  t o  a  10 ml v o l u m e t r i c  f l a s k  a n d  d i l u t e d  t o  
v o lu m e .  T h i s  pH a d j u s t m e n t  was o m i t t e d  i n  some e x p e r i m e n t s ,  
l e a v i n g  t h e  sa m p le  w i t h  a  pH < 2 .  A 100 p i  a l i q u o t  o f  
t h e  sa m p le  a n d  300 p i  o f  PDA-Br were  p l a c e d  i n  a  19 mm i . d .  
p y r o l y s i s  d i s h ,  m ix e d ,  d r i e d ,  a n d  p y r o l y z e d  a s  i n  p r o c e d u r e  
a .  B l a n k s  a n d  s t a n d a r d s  w e re  t r e a t e d  i n  t h e  same way, 
u s i n g  t r i p l i c a t e  a n a l y s e s .
Any v a r i a t i o n s  o r  e x c e p t i o n s  t o  t h i s  p r o c e d u r e  w i l l  
be n o t e d  i n  t h e  n e x t  c h a p t e r .
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B. G r a v i m e t r i c  M ethod
The m e th o d  u s e d  was t h e  r e c o g n i z e d  r e f e r e n c e  m e th o d
a s  fo u n d  i n  S t a n d a r d  M ethods  f o r  t h e  E x a m i n a t i o n  o f  W a te r
1a n d  W a s t e w a t e r ,  P a r t  156B.
1 . A p p a r a t u s  a n d  R e a g e n t s
R e a g e n t s . - -  The m e t h y l  r e d  i n d i c a t o r ,  h y d r o c h l o r i c  
a c i d ,  b a r i u m  c h l o r i d e ,  an d  s i l v e r  n i t r a t e - n i t r i c  a c i d  
r e a g e n t s  w e re  p r e p a r e d  a c c o r d i n g  t o  t h e  S t a n d a r d  M ethods  
d i r e c t i o n s .
A p p a r a t u s . - -  I n  a d d i t i o n  t o  a  d r y i n g  o v e n ,  a 
d e s i c c a t o r ,  a n d  a n  a n a l y t i c a l  b a l a n c e ,  t h e  f o l l o w i n g  
s p e c i f i c  p i e c e s  o f  e q u ip m e n t  w ere  u s e d .
C a t i o n  E x ch a n g e  Column - -  Dowex 50W-X8 r e s i n ,
H+ fo rm ,  2 0 - 5 0  m esh ,  was u s e d  t o  fo rm  a  co lum n  20 cm i n
h e i g h t .
B e a k e r s  - -  One 250 ml P y r e x  b e a k e r  w i t h  a  w a t c h  
g l a s s  t o  c o v e r  i t ,  was u s e d  f o r  e a c h  s a m p le .
Hot P l a t e  - -  A T h e rm o ly n e  Model SP-A1025B S t i r  
P l a t e  was u s e d  f o r  h e a t i n g  s a m p l e s .
S i n t e r e d  G l a s s  F i l t e r  F u n n e l s  - -  One f u n n e l  o f  
f i n e  (F)  p o r o s i t y  a n d  s u p p o r t i n g  f i l t r a t i o n  e q u ip m e n t  were  
n e e d e d  f o r  e a c h  s a m p l e .  The f u n n e l s  were  c l e a n e d ,  r i n s e d  
w i t h  n i t r i c  a c i d  a n d  d e i o n i z e d  w a t e r ,  a n d  d r i e d  t o  a  
c o n s t a n t  w e i g h t  i n  a n  ov en  s e t  a t  1 1 0 ° .  They were  c o o l e d
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a n d  s t o r e d  i n  a  d e s i c c a t o r  u n t i l  u s e d .
2. P r o c e d u r e
An a p p r o p r i a t e  a l i q u o t  o f  e a c h  w a t e r  s a m p le  was r u n  
t h r o u g h  t h e  i o n  e x c h a n g e  c o lu m n .  S e v e r a l  s a m p le s  r e q u i r e d  
c o n c e n t r a t i o n  a n d  w ere  p l a c e d  on a  h o t  p l a t e  f o r  e v a p o r a ­
t i o n .  The s a m p l e s  were  t h e n  h e a t e d  a n d  a c i d i f i e d ,  a n d  
t h e  s u l f a t e  was p r e c i p i t a t e d  w i t h  1 0 - 1 5  ml o f  t h e  b a r i u m  
c h l o r i d e  r e a g e n t .  The p r e c i p i t a t e  was d i g e s t e d  o v e r n i g h t  
a t  a p p r o x i m a t e l y  8 0 ° .  A f t e r  f i l t r a t i o n  u s i n g  t h e  p r e v i o u s l y  
w e ig h e d  a n d  n u m b ere d  f i l t e r  f u n n e l s ,  t h e  s a m p le s  were  d r i e d  
t o  a  c o n s t a n t  w e i g h t  a t  1 1 0 ° a n d  t h e  s u l f a t e  c o n c e n t r a t i o n  
was c a l c u l a t e d .
G. T u r b i d i m e t r i c  Method
The m e th o d  u s e d  was t a k e n  f rom  S t a n d a r d  M ethods  f o r
1t h e  E x a m i n a t i o n  o f  W a te r  a n d  W a s t e w a t e r ,  P a r t  1560 ,  a nd  
f rom  t h e  1975 A n n u a l  Book o f  ASTM S t a n d a r d s ,  P a r t  3 1 .
D516-68 ( 1 9 7 4 ) . 2
1 . A p p a r a t u s  a n d  R e a g e n t s
R e a g e n t s . - -  The r e a g e n t s  w e re  p r e p a r e d  a c c o r d i n g  t o  
S t a n d a r d  M eth od s  d i r e c t i o n s  u s i n g  sod ium  s u l f a t e  f o r  t h e  
s t a n d a r d  s o l u t i o n .
A p p a r a t u s . - -  I n  a d d i t i o n  t o  t h e  n e c e s s a r y  b e a k e r s ,  
p i p e t s ,  s t o p w a t c h ,  a nd  m e a s u r i n g  s p o o n ,  t h e  f o l l o w i n g  
s p e c i f i c  p i e c e s  o f  e q u ip m e n t  were  u s e d .
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M a g n e t i c  S t i r r e r  - -  A T h e rm o ly n e  Model  SP10105B 
M id g e t  S t i r  P l a t e  w i t h  m a g n e t i c  s t i r r i n g  t a r  was u s e d  w i t h  
t h e  s t i r r i n g  r a t e  s e t  t h e  same f o r  e a c h  s a m p le .
S p e c t r o p h o t o m e t e r  - -  A C a ry  14- r e c o r d i n g  
s p e c t r o p h o t o m e t e r  s e t  a t  4-20 nm was u s e d  w i t h  a  s e t  o f  
5 cm s i l i c a  c e l l s .
2 .  P r o c e d u r e
F iv e  m i l l i l i t e r s  o f  t h e  c o n d i t i o n i n g  r e a g e n t  were  
a d d e d  t o  100  ml o f  a  w a t e r  s a m p le  ( o r  a n  a l i q u o t  o f  
s a m p le  made up t o  100 m l ) .  A f t e r  p l a c i n g  t h e  sam ple  on 
t h e  s t i r r i n g  p l a t e ,  a  s p o o n f u l  o f  b a r i u m  c h l o r i d e  c r y s t a l s  
was a d d e d  a n d  t h e  s o l u t i o n  was s t i r r e d  f o r  one m i n u t e .
The sa m p le  was t h e n  a l l o w e d  t o  s t a n d  u n d i s t u r b e d  f o r  f o u r  
m i n u t e s .  A f t e r  a  f i n a l  s t i r r i n g  o f  15 s e c ,  t h e  sa m p la ,  was 
p o u r e d  i n t o  a  5 cm c e l l  a n d  t h e  o p t i c a l  d e n s i t y  was 
m e a s u r e d  w i t h  t h e  C a ry  14- v s .  t h e  r e a g e n t  b l a n k .  The 
s u l f a t e  c o n c e n t r a t i o n  was d e t e r m i n e d  f rom  a  c a l i b r a t i o n  
c u r v e  p r e p a r e d  by  t h e  same p r o c e d u r e .  The c a l i b r a t i o n  
c u r v e  c o v e r e d  t h e  r a n g e  o f  0-4-0 ppm a t  5 ppm i n t e r v a l s .
D. Bar ium  C h l o r a n i l a t e  S p e c t r o o h o t o m e t r i c  Method
96The o r i g i n a l  m e th o d  o f  B e r t o l a c i n i  a n d  B a rn e y  was
u s e d  f o r  s a m p le s  c o n t a i n i n g  o v e r  50  ppm s u l f a t e  w h i l e  t h e i r  
• • 97m o d i f i e d  m e th o d  was u s e d  f o r  s a m p le s  o f  u n d e r  5 ° ppm.
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1.  A p p a r a t u s  a nd  R e a g e n t s
R s a g f i n t a . - -  The b a r i u m  c h l o r a n i l a t e  a n d  t h e  p h t h a l a t e  
b u f f e r  w ere  p r e p a r e d  a s  g i v e n  i n  R e f e r e n c e  9 6 . Sodium 
s u l f a t e  was u s e d  f o r  t h e  s t a n d a r d  s u l f a t e  s o l u t i o n s .
A p p a r a t u s . — I n  a d d i t i o n  t o  t h e  n e c e s s a r y  b e a k e r s ,  
p i p e t s ,  100 ml v o l u m e t r i c  f l a s k s ,  f u n n e l s ,  f i l t e r  p a p e r ,  
a n d  a m e c h a n i c a l  s h a k e r ,  t h e  f o l l o w i n g  s p e c i f i c  p i e c e s  o f  
e q u ip m e n t  were  u s e d .
C a t i o n  E xch a n g e  Column - -  Dowex 50W-X8 r e s i n ,  H+ 
f o r m ,  2 0 - 5 0  m esh ,  was u s e d  t o  fo rm  a  co lum n  20 cm i n  h e i g h t .
S p e c t r o p h o t o m e t e r  - -  A Beckman DB s e t  a t  e i t h e r  
530  nm o r  332  nm was u s e d  w i t h  1 cm q u a r t z  c e l l s .
2 .  P r o c e d u r e
A f t e r  p a s s i n g  t h e  s a m p le  t h r o u g h  t h e  i o n  e x c h a n g e  
c o lu m n ,  a  25  ml a l i q u o t  was t r a n s f e r r e d  t o  a  100 ml 
v o l u m e t r i c  f l a s k .  Ten m i l l i l i t e r s  o f  p h t h a l a t e  b u f f e r  and  
50 ml o f  e t h a n o l  were  a d d e d  a nd  t h e  s o l u t i o n  was d i l u t e d  
t o  volume w i t h  d e i o n i z e d  w a t e r .
F o r  s a m p le s  c o n t a i n i n g  l e s s  t h a n  5° ppm s u l f a t e ,
0 . 2  g  o f  s o l i d  b a r i u m  c h l o r a n i l a t e  was a d d e d  a n d  t h e  sa m p le  
was m e c h a n i c a l l y  s h a k e n  f o r  f i f t e e n  m i n u t e s .  A f t e r  f i l t e r i n g  
o f f  t h e  e x c e s s  r e a g e n t  a n d  b a r i u m  s u l f a t e ,  t h e  a b s o r b a n c e  
o f  t h e  f i l t r a t e  was m e a s u r e d  a t  332  nm v s .  a  r e a g e n t  
b l a n k .
9^
F o r  s a m p le s  c o n t a i n i n g  more t h a n  50 ppm s u l f a t e ,  0 . 3  g 
o f  s o l i d  b a r i u m  c h l o r a n i l a t e  was a d d e d  a n d  t h e  sa m p le  was 
t r e a t e d  a s  b e f o r e .  The a b s o r b a n c e  o f  t h e  f i l t r a t e  was 
m e a s u r e d  a t  530  nm v s .  a  r e a g e n t  b l a n k .
S u l f a t e  c o n c e n t r a t i o n s  w ere  d e t e r m i n e d  u s i n g  c a l i b r a ­
t i o n  c u r v e s  p r e p a r e d  by  b o t h  p r o c e d u r e s  f o r  s u l f a t e  i n  
t h e  r a n g e s  o f  0-^-0 ppm a n d  0 - ^ 0 0  ppm r e s p e c t i v e l y .
E.  S t e p h e n ' s  N e p h e l o m e t r i c  Method
S t e p h e n  i n t r o d u c e d  2 - p e r i m id i n y l a m m o n iu m  c h l o r i d e
(PDA-C1) a s  a  r e a g e n t  f o r  s u l f a t e  i n  1970 ,  u s i n g  i t  i n
123a  n e p h e l o m e t r i c  p r o c e d u r e .  J H i s  p r o c e d u r e  was f o l l o w e d  
u s i n g  PDA-Br a s  t h e  p r e c i p i t a n t .
1 . A p p a r a t u s  a n d  R e a g e n t s
R e a g e n t s . - -  A 0.5%  s o l u t i o n  o f  PDA-Br was u s e d  w h i l e  
sod ium  s u l f a t e  was u s e d  f o r  s t a n d a r d s  o f  0 - 1 0  ppm.
A p p a r a t u s .  - -  P i p e t s  ( 1 - 5  m l)  a nd  10 ml v o l u m e t r i c  
f l a s k s  were  n e e d e d .  Due t o  t h e  u n a v a i l a b i l i t y  o f  a 
n e p h e l o m e t e r , t h e  Beckman DB s e t  a t  ^20 nm was u s e d  w i t h  
1 cm c e l l s .
2 .  P r o c e d u r e
A 1 - 5  ml a l i q u o t  o f  t h e  w a t e r  sam ple  was p l a c e d  i n  
a  10 ml v o l u m e t r i c  f l a s k .  F o u r  m i l l i l i t e r s  o f  t h e  PDA-Br 
s o l u t i o n  was a d d e d  a n d  t h e  sa m p le  was d i l u t e d  t o  volume 
w i t h  d e i o n i z e d  w a t e r .  The sa m p le  was m ixed  w e l l  a n d  a l l o w e d
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t o  s i t  f o r  f i f t e e n  m i n u t e s  b e f o r e  t h e  a b s o r b a n c e  was 
m e a s u r e d  v s .  d e i o n i z e d  w a t e r .  F i v e  m i l l i l i t e r s  o f  d e i o n i z e d  
w a t e r  w ere  t r e a t e d  a s  t h e  b l a n k .  S u l f a t e  c o n c e n t r a t i o n s  
w ere  d e t e r m i n e d  f ro m  a  c a l i b r a t i o n  c u r v e  o f  0 - 1 0  ppm s u l f a t e  
p r e p a r e d  u s i n g  a  5 ml sam ple  a l i q u o t  w i t h  t h e  above  




A. P y r o l y t i c  M ethod
S e v e r a l  y e a r s  a g o ,  work  on a  s u l f u r i c  a c i d  a e r o s o l
d e t e r m i n a t i o n  l e d  t o  t h e  d e v e l o p m e n t  o f  a  s u l f a t e  p r o c e d u r e .
121T h i s  p r o c e d u r e  w h ic h  was b a s e d  on t h e  p r e c i p i t a t i o n  o f  
s u l f a t e  a s  t h e  2 - p e r i m id i n y l a m m o n iu m  s u l f a t e ,  a p p e a r e d  t o  
be p o t e n t i a l l y  a p p l i c a b l e  t o  w a t e r  a n a l y s i s .  An i n  d e p t h  
s t u d y  was i n i t i a t e d  t o  i n v e s t i g a t e  t h e  p o t e n t i a l  i n t e r f e r ­
e n c e s  a n d  how t h e y  m ig h t  be r e m o v e d ,  a n d  t o  d e v e l o p  a 
p r o c e d u r e  f o r  d e t e r m i n i n g  s u l f a t e  i n  n a t u r a l  a n d  d r i n k i n g  
w a t e r s .
1. B a c k g ro u n d  I n f o r m a t i o n
128I n  1 9 7 0 , W. I .  S t e p h e n  J i n t r o d u c e d  a  new r e a g e n t  
f o r  s u l f a t e ,  2 - p e r i m id i n y l a m m o n iu m  c h l o r i d e  (PDA-C1).  He 
u s e d  t h i s  r e a g e n t  t o  p r e c i p i t a t e  t h e  2 - p e r i m id i n y l a m m o n iu m  
s u l f a t e ,  (PD A ^SO ^,  w h ic h  he t h e n  d e t e r m i n e d  n e p h e l o -  
m e t r i c a l l y .  A l t h o u g h  (PDA^SO^ was more s o l u b l e  t h a n  
b a r i u m  s u l f a t e  (2 0  m g / l  a t  1 8 ° v s .  2 . 5  m g / l  a t  2 5 ° ) ,
S t e p h e n  f o u n d  i t  u s e f u l  f o r  s m a l l  q u a n t i t i e s  o f  s u l f a t e  
( 0 - 5  ppm ).  He s u g g e s t e d  i t s  u s e  f o r  w a t e r  a n a l y s i s ,  b u t  
he d i d  n o t  p r o v i d e  a n y  a c t u a l  d a t a  t o  s u b s t a n t i a t e  t h a t  
s u g g e s t i o n .  D u r i n g  t h e  c o u r s e  o f  t h i s  w o rk ,  t h e  o p p o r t u n i t y  
t o  c h e c k  h i s  s u g g e s t i o n  was p r o v i d e d ,  and t h e  d a t a  a n d  
r e s u l t s  o b t a i n e d  w i l l  be d i s c u s s e d  i n  S e c t i o n  B - -  F i e l d  
S t u d i e s .
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One m a j o r  d raw b ac k  t o  t h e  u s e  o f  PDA-C1 was t h e
l e n g t h y  cumbersome s y n t h e s i s  p r o p o s e d  by S t e p h e n .  I t  was
a l s o  d i f f i c u l t  t o  o b t a i n  a  c l e a n  s u l f u r - f r e e  p r o d u c t ,  e v e n
a f t e r  r e p e a t e d  r e c r y s t a l l i z a t i o n s .  Thus  t h i s  r e a g e n t  m ig h t
n e v e r  hav e  b e e n  u s e d ,  h a d  i t  n o t  b e e n  f o r  t h e  i n t r o d u c t i o n
190o f  a n  im p r o v e d  s y n t h e s i s  by  G. L. M cClure  i n  1973- 
McClure  o b t a i n e d  t h e  PDA+ r e a g e n t  a s  i t s  b ro m id e  s a l t  
i n s t e a d  o f  t h e  c h l o r i d e .  T h i s  s y n t h e s i s  was f a s t e r ,  c l e a n e r ,  
an d  more c o n v e n i e n t ,  a n d  h a d  a  b e t t e r  y i e l d  t h a n  S t e p h e n ' s  
s y n t h e s i s .
W ith  s u f f i c i e n t  c l e a n  r e a g e n t  now i n  h a n d ,  M a d d a lo n e ,
121e t  a l .  p r o c e e d e d  t o  d e v e l o p  t h e  p y r o l y t i c  m e th o d  f o r
s u l f a t e ,  w h ic h  t h e y  t h e n  a p p l i e d  t o  a s u l f u r i c  a c i d
191a e r o s o l  d e t e r m i n a t i o n .  The p y r o l y t i c  m e th o d  was b a s e d
on two r e a c t i o n s ,  t h e  p r e c i p i t a t i o n  r e a c t i o n  a n d  t h e
p y r o l y s i s  r e a c t i o n .  (See F i g u r e s  k  a n d  5 - )  S m a l l  s u l f a t e
s a m p le s  o f  0 - 5 0  | ig  were  p l a c e d  i n  16 mm i . d .  p y r o l y s i s
d i s h e s  a n d  200 | i l  o f  PDA-Br w ere  a d d e d ,  r e s u l t i n g  i n  t h e
p r e c i p i t a t i o n  o f  t h e  s i l k y  w h i t e  (PDA)2 S0^ ( F i g u r e  4 ) .
A f t e r  e v a p o r a t i o n  o f  e x c e s s  s o l v e n t ,  t h e  s a m p l e s  were
p y r o l y z e d  i n  an  o ven  a t  5 0 0 ° i n  a  n i t r o g e n  a t m o s p h e r e .
The t h e r m a l  d e c o m p o s i t i o n  o f  t h e  (PDA^SO^ r e s u l t e d  i n
t h e  q u a n t i t a t i v e  f o r m a t i o n  o f  s u l f u r  d i o x i d e  ( F i g u r e  5)>
w h ic h  was t r a p p e d  a n d  d e t e r m i n e d  a c c o r d i n g  t o  t h e  W est -
192Gaeke p r o c e d u r e .
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a n d  M a d d a lo n e .  S t e p h e n  s u r v e y e d  a  l a r g e  nu m ber  o f  a n i o n s  
an d  f o u n d  t h a t  m o s t  o f  them  w ou ld  p r e c i p i t a t e  a s  t h e i r  
PDA s a l t s .  However he  c o n c l u d e d  t h a t  a t  l e a s t  1 0 - f o l d  
a m o un ts  o f  t h e s e  a n i o n s  c o u l d  be t o l e r a t e d  i n  h i s  p r o c e d u r e  
w i t h o u t  c a u s i n g  l a r g e  e r r o r s .  M a d d a lo n e ,  on t h e  o t h e r  h a n d ,  
c h o s e  t o  l o o k  a t  t h e  p y r o l y s i s  r e a c t i o n  o f  t h e  PDA s a l t s  
o f  p h o s p h a t e ,  c a r b o n a t e ,  a n d  n i t r a t e  t o  d e t e r m i n e  t h e i r  
e f f e c t  on t h e  p y r o l y s i s  b l a n k .  He n o t e d  no i n c r e a s e  i n  
t h e  b l a n k  v a l u e s  f o r  t h o s e  t h r e e  a n i o n s .  Thus a  more 
e x t e n s i v e  s t u d y  o f  t h e  a n i o n s  was r e q u i r e d  t o  d e t e r m i n e  
w h ic h  a n i o n s  m i g h t  i n t e r f e r e  w i t h  t h e  s u l f a t e  r e c o v e r y  
i n  t h e  p y r o l y s i s  p r o c e d u r e  a n d  w h a t  c o n c e n t r a t i o n  l e v e l s  
o f  t h e s e  a n i o n s  c o u l d  be  t o l e r a t e d .
I n  o r d e r  t o  d e t e r m i n e  s u l f a t e  r e c o v e r y  v a l u e s  f o r  a l l  
t h e  i n t e r f e r e n c e  s t u d i e s  a n d  t o  m o n i t o r  t h e  e f f i c i e n c y  o f  
t h e  p y r o l y s i s  r e a c t i o n  w i t h  v a r y i n g  sam ple  c o n s t i t u e n t s ,  a  
s u l f u r  d i o x i d e  c a l i b r a t i o n  c u r v e  was u s e d .  A f t e r  p y r o l y s i s ,  
t h e  s u l f u r  d i o x i d e  was d e t e r m i n e d  c o l o r i m e t r i c a l l y  (W es t -  
Gaeke p r o c e d u r e )  a n d  t h e  c o n c e n t r a t i o n  was r e a d  d i r e c t l y  
f rom  t h e  c a l i b r a t i o n  c u r v e .  The s u l f a t e  c o n c e n t r a t i o n  
was t h e n  c a l c u l a t e d  a n d  co m p a red  t o  t h e  amount  o f  s u l f a t e  
o r i g i n a l l y  p l a c e d  i n  t h e  s a m p le .  (See A p p e n d ix  A f o r  
c a l c u l a t i o n s . )
2 . I n t e r f e r e n c e  S t u d i e s
Some e a r l y  u n p u b l i s h e d  work o f  M a d d a l o n e ’ s i n d i c a t e d
10^
t h a t  c h l o r i d e ,  b i c a r b o n a t e ,  p h o s p h a t e ,  an d  n i t r a t e  c o u l d  
be  i n t e r f e r e n c e s  i n  a  w a t e r  a n a l y s i s  u s i n g  t h e  p y r o l y s i s  
p r o c e d u r e .  Most d r i n k i n g  w a t e r  an d  n a t u r a l  w a t e r  s a m p le s  
c o n t a i n  s m a l l  am o u n ts  o f  p h o s p h a t e  an d  n i t r a t e ,  a n d  l a r g e r  
a m o u n t s  o f  c h l o r i d e  a n d  b i c a r b o n a t e .  Thus t h e  e l i m i n a t i o n  
o f  c h l o r i d e  a n d  b i c a r b o n a t e  was deemed n e c e s s a r y ,  a n d  t h e  
d e v e l o p m e n t  o f  t h e  f i n i s h e d  s u l f a t e  m eth o d  was c e n t e r e d  
a r o u n d  them .  An a c i d  t r e a t m e n t  was p r o p o s e d  f o r  t h e  r e m o v a l  
o f  b i c a r b o n a t e , l e a v i n g  c h l o r i d e  a s  t h e  m os t  s e r i o u s  
p o t e n t i a l  i n t e r f e r e n c e .  Thus a  s t u d y  o f  t h e  c o n c e n t r a t i o n s  
a t  w h ic h  c h l o r i d e  i n t e r f e r e d  a n d  o f  p o s s i b l e  ways t o  e l i m i n ­
a t e  i t s  e f f e c t s  was u n d e r t a k e n .
The c h o i c e  o f  5 0 ,  70 a n d  100 p.g o f  c h l o r i d e  f o r  t h e  
c o n c e n t r a t i o n  s t u d y  was n o t  c o m p l e t e l y  a r b i t r a r y .  C a l c u l a ­
t i o n s  b a s e d  on e a r l y  d e s i g n s  o f  t h e  f i n a l  w a t e r  p r o c e d u r e  
showed t h a t  t h e s e  a m o u n ts  o f  c h l o r i d e  w o u ld  be p r e s e n t  i n  
t h e  f i n a l  p y r o l y s i s  a l i q u o t ,  when t h e  o r i g i n a l  sam ple  
c o n t a i n e d  50 0 ,  ?00  a n d  1000 ppm c h l o r i d e .  T h u s ,  i f  
c o n d i t i o n s  w ere  f o u n d  i n  w h ic h  50 [ig o f  c h l o r i d e  d i d  n o t  
i n t e r f e r e ,  t h e n  m o s t  w a t e r  s a m p le s  c o u l d  be done u n d e r  t h e  
same c o n d i t i o n s ,  s i n c e  m os t  w a t e r s  do n o t  c o n t a i n  o v e r  
500 ppm c h l o r i d e .  I f  c o n d i t i o n s  c o u l d  be f o u n d  t o  remove 
t h e  100  qg  c h l o r i d e  i n t e r f e r e n c e ,  t h e n  h y d r o c h l o r i c  a c i d  
c o u l d  p o s s i b l y  be u s e d  f o r  t h e  a c i d  t r e a t m e n t  o f  b i c a r b o n a t e  
w i t h o u t  any  e f f e c t  on t h e  r e c o v e r y  o f  s u l f a t e .
U s in g  M a d d a l o n e ' s  o r i g i n a l  p r o c e d u r e ,  t h e  d a t a  i n
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T a b l e  3 was o b t a i n e d .  As shown, t h e  s u l f a t e  r e c o v e r y  
d e c r e a s e d  a s  t h e  c h l o r i d e  c o n c e n t r a t i o n  i n c r e a s e d  f rom  
50 pg  t o  100 (j.g. I t  was s u g g e s t e d  t h a t  t h e  am ount  o f  
PDA-Br be i n c r e a s e d  t o  s e e  i f  t h e  r e c o v e r y  c o u l d  be 
i m p r o v e d .
T a b l e  k shows t h e  r e s u l t s  o f  i n c r e a s i n g  t h e  volume 
a n d  h e n c e  t h e  amount  o f  PDA-Br a d d e d  t o  t h e  p y r o l y s i s  
s a m p le .  I n c r e a s i n g  t h e  PDA-Br volume t o  250 p i  s i g n i f i c a n t l y  
i n c r e a s e d  t h e  r e c o v e r y  o v e r  t h e  u s e  o f  2 0 0  p i ,  e v e n  a t  t h e  
100 p g  c h l o r i d e  l e v e l .  However t h e  a d d i t i o n  o f  300 p i  o f  
PDA-Br showed a  d e c r e a s e  i n  r e c o v e r i e s  f o r  t h e  s t a n d a r d s  
c o n t a i n i n g  no c h l o r i d e  a s  w e l l  a s  f o r  t h e  c h l o r i d e  s a m p l e s .  
A l t h o u g h  t h e  a c t u a l  s u l f a t e  r e c o v e r i e s  were  l o w e r  f o r  3°0  p i*  
t h e  d a t a  b e tw e e n  s a m p l e s  a n d  s t a n d a r d s  was more c o n s i s t e n t ;  
t h a t  i s ,  t h e r e  was l e s s  d e v i a t i o n  b e tw e e n  t h e  sa m p le  s u l f a t e  
r e c o v e r i e s  and  t h e  r e c o v e r i e s  o f  a  s t a n d a r d  r u n  on t h e  same 
d a y .  (The l a s t  co lum n  i n  T a b l e  k  shows t h e  d i f f e r e n c e  
b e tw e e n  sa m p le  a n d  d a i l y  s t a n d a r d  r e c o v e r i e s . )
I n  o r d e r  t o  im p ro v e  t h e  o v e r a l l  s u l f a t e  r e c o v e r i e s ,  a  
l a r g e r  d i s h  s i z e  was s u g g e s t e d .  When 250 p i  o r  3 °0  p i  o f  
PDA-Br w ere  u s e d  w i t h  t h e  16 mm p y r o l y s i s  d i s h e s ,  a  h e a v y  
u n e v e n  c o a t i n g  o f  t h e  d i s h  r e s u l t e d  upon  s o l v e n t  e v a p o r a t i o n .  
By u s i n g  a  l a r g e r  d i s h  a n d  h e n c e  a  l a r g e r  s u r f a c e  a r e a ,  a 
t h i n  e v e n  c o a t i n g  o f  t h e  d i s h  was a n t i c i p a t e d ,  r e s u l t i n g  i n  
b e t t e r  s u l f a t e  r e c o v e r i e s .
The r e s u l t s  o f  t h e  e f f e c t  o f  a  l a r g e r  d i s h  s i z e  a r e
TABLE 3
CHLORIDE CONCENTRATION STUDY 
16 mm d i s h ,  200 ( i l  PDA-Br
| ig  SO^ p.g C l  SO^ R e c o v e ry
10   1 0 2 . 2 %
10 50 9 ^ . 1 %
10 70  7 7 - 1 %
10 100 7 5 . 6%
TABLE 4
EFFECT OF INCREASED VOLUME OF PDA-BR 
10 fig S0^~ , 16 mm d i s h
C1- Volume Sample  S t a n d a r d  D i f f e r e n c e
PDA-Br S0^“ R e co v e ry  S0^~ R e c o v e ry  n i n e r e n c e
250  p i  1 0 1 . 7%
50 250  p i  9 8 . 6 % 100.2% -1 .4 %
70  250  p i  9 6 . 9% 1 0 0 . 2 % - 3 - 1%
100  250  p i  9 0 . 0% 9 6 . 8% - 6 . 8%
300  p i  98.4%
50 300  p i  9 0 . 3% 9 0 . 3% 0
70 300 p i  8 8 . 9% 90.3% -1 .4 %
100  300  p i  9 6 . 0% 9 6 . 4 % -0 .4 %
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g i v e n  i n  T a b le  5* The a c t u a l  s u l f a t e  r e c o v e r i e s  f o r  b o t h  
t h e  s t a n d a r d s  a n d  t h e  s a m p le s  were  s i g n i f i c a n t l y  im p ro v e d  
by  t h e  u se  o f  t h e  l a r g e r  d i s h .  However,  t h e  a g r e e m e n t  
b e tw e e n  sam ple  a n d  s t a n d a r d  r e c o v e r i e s ,  o b s e r v e d  w i t h  
300 p i  o f  PDA-Br a n d  a 16 mm d i s h ,  was l o s t ,  a l t h o u g h  v e r y  
l i t t l e  v a r i a t i o n  i n  t h e  d i f f e r e n c e s  t h e m s e l v e s  ( l a s t  co lum n ,  
T a b l e  5)  was o b s e r v e d  b e tw e e n  t h e  250 p i  a n d  t h e  300 p i  
s a m p l e s .
I n  t h e  c a s e  o f  t h e  J00  p i  o f  PDA-Br, t h e  r e l a t i v e  
d e v i a t i o n  f o r  a  s e t  o f  15 s t a n d a r d s  was im p ro v e d  w i t h  t h e  
20 mm d i s h  ( r e l a t i v e  d e v i a t i o n  = ±1.4% ) com p a red  t o  t h e  
16 mm d i s h  (±2.9%)* These  r e l a t i v e  d e v i a t i o n s  a n d  t h e  
s u l f a t e  r e c o v e r i e s  seemed t o  i n d i c a t e  t h a t  t h e  c l o s e  
a g r e e m e n t  o f  s t a n d a r d  and  sa m p le  f o r  t h e  16 mm d i s h  was 
r e l a t e d  t o  t h e  l a r g e  amount o f  m a t e r i a l  p r e s e n t  i n  a  s m a l l  
a r e a  ( i . e . ,  t o  t h e  d i s h  s i z e  a n d  t h e  PDA-Br v o l u m e ) ,  a n d ,  
a s  s u c h ,  d i d  n o t  r e f l e c t  a n y  c h l o r i d e  e f f e c t s .  Mole r a t i o  
c a l c u l a t i o n s  o f  t o t a l  a n i o n s  t o  PDA-Br, b a s e d  on h y p o t h e t i ­
c a l  v a l u e s  f o r  v a r i o u s  a n i o n s  i n  a  w a t e r  s a m p le ,  showed 
t h a t  300  p i  o f  PDA-Br w ou ld  be n e e d e d  t o  i n s u r e  t h e  c o m p le t e  
p r e c i p i t a t i o n  o f  s u l f a t e .
B ased  on t h e s e  mole r a t i o  c a l c u l a t i o n s ,  t h e  r e l a t i v e  
d e v i a t i o n  f o r  t h e  s t a n d a r d ,  a nd  t h e  im p ro v e d  s u l f a t e  
r e c o v e r i e s  f o r  b o t h  t h e  s t a n d a r d  and  t h e  s a m p le ,  t h e  20 mm 
i . d .  d i s h  a n d  t h e  300 p i  o f  PDA-Br were  s e l e c t e d  f o r  u se  i n  
t h e  r e m a i n i n g  s t u d i e s .  As shown, up t o  100 pg  o f  c h l o r i d e
TABLE 5
EFFECT OF 20 MM ID PYROLYSIS DISH 
10 tig S O ^
jig C l" VolumePDA-Br
Sample 
S0^= R e co v e ry
S t a n d a r d  
S0^= R e co v e ry D i f f e r e n c e
------ 250 t i l 1 0 2 . 4 $ ------ -----
50 250 t i l 1 0 2 . 4 $ 1 0 2 . 8 $ - 0 . 4 $
70 250 t i l 98  . 4 $ 1 0 1 .7 $ -3.395
100 250 t i l 9 8 . 2$ 1 0 2 . 8 $ - 4 . 6 $
— 300 t i l 1 0 1 . 1 $ ------ ------
50 300 t i l 1 0 1 . 1$ 1 0 1 .7 $ - 0 . 6 $
70 300 t i l 96  . 8$ 1 0 0 . 1 $ -3.395
100 3 00  t i l 9 ^ . 8  $ 1 0 0 . 1$ -5.395
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c a n  be t o l e r a t e d  w i t h  o n l y  a  5$  d e c r e a s e  i n  s u l f a t e  r e c o v ­
e r i e s .  A l a t e r  e x p e r i m e n t  i n  w h ic h  400  p i  o f  PDA-Br were  
t r i e d ,  showed no i n c r e a s e  i n  s u l f a t e  r e c o v e r i e s  o v e r  t h e  
u s e  o f  300 p i  o f  PDA-Br.
I f  a  s a m p le  c o n t a i n e d  more t h a n  100 p g  o f  c h l o r i d e  
p e r  10 p g  o f  s u l f a t e ,  t h e  sa m p le  c o u l d  be d i l u t e d  s u c h  
t h a t  t h e  c h l o r i d e  l e v e l  was b e lo w  100 p g .  S i n c e  t h i s  w ou ld  
a l s o  d i l u t e  t h e  s u l f a t e  c o n c e n t r a t i o n ,  a  d i l u t i o n  s t u d y  was 
made t o  a s c e r t a i n  a  l o w e r  l i m i t  f o r  s u l f a t e  i n  t h e  p r e s e n c e  
o f  100 pg  o f  c h l o r i d e .  T a b l e  6 shows t h a t  a  1 :2 0  r a t i o  o f  
s u l f a t e  t o  c h l o r i d e  p r o d u c e d  r e s u l t s  i d e n t i c a l  t o  t h e  
s t a n d a r d .  I n  t h e  c a s e  o f  t h e  1 : 5 0  r a t i o ,  o n l y  a  d e c r e a s e  
i n  r e c o v e r y  was o b s e r v e d ,  i n d i c a t i n g  t h a t  a  sam ple  d i l u t i o n  
c o u l d  be made w i t h o u t  g r o s s l y  a f f e c t i n g  t h e  sam ple  r e c o v e r y .
A f t e r  f i n i s h i n g  t h e  c h l o r i d e  s t u d i e s ,  a  s t u d y  o f  
o t h e r  a n i o n  i n t e r f e r e n c e s  was u n d e r t a k e n .  The main  
p u r p o s e  o f  t h e  s t u d y  was t o  d e t e r m i n e  w h ic h  a n i o n s  w o u ld  
i n t e r f e r e  w i t h  t h e  p y r o l y s i s  b l a n k  o r  t h e  s u l f a t e  r e c o v e r y  
a n d  a t  w ha t  c o n c e n t r a t i o n  l e v e l s  t h i s  w o u ld  o c c u r .  S e v e r a l  
o f  t h e  a n i o n s  s t u d i e d  ( a c e t a t e ,  f o r m a t e ,  o x a l a t e ,  and  EDTA) 
a r e  n o t  u s u a l l y  f o u n d  i n  p o t a b l e  w a t e r s ,  b u t  t h e y  w ere  
i n c l u d e d  i n  h o p e s  o f  f i n d i n g  a  n o n i n t e r f e r i n g  a n i o n  whose 
c o r r e s p o n d i n g  a c i d  c o u l d  be u s e d  f o r  t h e  t r e a t m e n t  a n d  
r e m o v a l  o f  b i c a r b o n a t e .
The e f f e c t  o f  e a c h  a n i o n  on t h e  p y r o l y s i s  b l a n k  was 




20 mm d i s h ,  300 H-l PDA-Br
„ g  S ( y  n g  C l -  S C y  ̂ R e c o v e r y  3 V  ' c1'
5 —  9 0 . 0% —
5 50 90 .3  ̂ 1:10
5 100  9 0 . 0^  1 : 2 0
2 ----- 101.595
2 50 9 6 . 0% 1 : 2 5
2 100  9 6 . 0% 1 : 5 0
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PDA-Br b la n k .  As e x p e c t e d ,  t h e  o n l y  a n io n  which  showed an 
i n c r e a s e  i n  b la n k  v a l u e s  was s u l f i t e .  For t h e  o t h e r  a n i o n s ,  
th e  b lan k  v a l u e s  rem ained  e s s e n t i a l l y  c o n s t a n t  ( w i t h i n  th e  
u s u a l  d e v i a t i o n  f o r  th e  b l a n k ) .
The a n io n  c o n c e n t r a t i o n  l e v e l s  s t u d i e d  were 10 or  100 
p.g o f  a n io n  t o  10 jig o f  s u l f a t e  ( 1 : 1  or  Is  10 r a t i o  o f  
s u l f a t e  t o  a n i o n )  f o r  a l l  t h e  a n i o n s  e x c e p t  p h osp hate  which  
was a l s o  done a t  a  1 (ig l e v e l .  The r e s u l t s  o f  the  10 and 
100 jig s t u d i e s  are  g i v e n  i n  T a b le s  7 and 8 r e s p e c t i v e l y .
As shown i n  Tab le  7 a t  t h e  10 (ig l e v e l ,  c h l o r i d e ,  
brom ide ,  f l u o r i d e ,  n i t r a t e ,  a c e t a t e ,  o x a l a t e ,  and EDTA 
were e s s e n t i a l l y  n o n i n t e r f e r i n g ,  w h i l e  b i c a r b o n a t e  and  
form ate  showed o n l y  m inor  i n t e r f e r e n c e .  The p h o sp h a te  
p o s e d  t h e  most s e r i o u s  i n t e r f e r e n c e  a t  t h i s  c o n c e n t r a t i o n  
l e v e l ,  a s  shown by th e  l a r g e  d e c r e a s e  i n  s u l f a t e  r e c o v e r y .
As a r e s u l t  o f  t h i s  l a r g e  d e c r e a s e ,  p h o sp h a te  was 
t r i e d  a t  th e  1 pg l e v e l  w i t h  10 pg o f  s u l f a t e  ( 10: 1  r a t i o  
o f  s u l f a t e  t o  a n i o n ) .  Only minor i n t e r f e r e n c e  was o b s e r v e d  
a t  t h i s  c o n c e n t r a t i o n  w i t h  a d e c r e a s e  i n  r e c o v e r i e s  from 
s t a n d a r d  t o  sample  o f  8.0% f o r  hydrogen  p h o sp h a te  and 
3.8% f o r  d ih y d r o g e n  p h o s p h a t e .
At t h e  100 pg l e v e l  (Table  8 ) ,  s i g n i f i c a n t  d e c r e a s e s  
i n  s u l f a t e  r e c o v e r y  were o b s e r v e d  f o r  a l l  t h e  a n io n s  
e x c e p t  c h l o r i d e ,  brom ide ,  a c e t a t e ,  and EDTA. Based on 
t h e s e  r e s u l t s  and th e  r e s u l t s  o b t a i n e d  i n  t h e  b lan k  s t u d i e s ,  
i t  was c o n c lu d e d  t h a t  t h e  i n t e r f e r e n c e  o c c u r r e d  i n  c o n n e c t i o n
TABLE 7
10 (ig ANION INTERFERENCE STUDY 
10 jig S 0 ^ " f 20 mm d i s h ,  3°0  | i l  PDA-Br
Anion _Sample S0^ R e c o v e ry
S t a n d a r d  
SO^-  R e co v e ry D i f f e r e n c e
C h l o r i d e 9 3 -0  $ 9 2 . 0 $ + 1 . 0 $
Bromide 9 1 . 4 $ 9 0 . 0$ + 1 . 4 $
F l u o r i d e 9 1 . 1% 9 2 . 6 $ - 0 . 9%
B i c a r b o n a t e 87.9% 9 3 - 0 $ - 5 . 1%
N i t r a t e 9 0 . 6$ 8 9 . 4 $ + 1 . 2 $
Hydrogen  P h o s p h a t e 8 0 . 1 $ 9 1 . 4 $ - 1 1 . 3 #
D ih y d ro g e n  P h o s p h a t e 6 l . l $ 8 7 . 0 $ -25.995
A c e t a t e 9 3 - 0 $ 9 2 . 6 $ + 0 . 4 $
Form ate 8 8 . 5 $ 9 2 . 0 $ - 3 . 5 %
O x a l a t e 8 8 .  8$ 88.5% + 0 . 3 $
EDTA 8 9 - 1 $ 8 7 . 3 ^ + 1 .8 $
TABLE 8
100 |ag ANION INTERFERENCE STUDY 
10 jig S0^= , 20 mm d i s h ,  3 ° °  M-l PDA-Br
Anion Sample S0^= R eco v e ry
S t a n d a r d  
S0^= R e co v e ry D i f f e r e n c e
C h l o r i d e 8 8 . 5 $ 9 1 . 8 $ -3 .3 %
Bromide 9 2 . 0$ 9 0 . 0$ + 2 . 0 $
F l u o r i d e 4 9 - 7 $ 9 2 . 6 $ - 4 2 . 9$*
B i c a r b o n a t e 7 4 . 0 $ 9 2 . 6 $ - 1 8 . 6 $
N i t r a t e 3 5 - 4 $ 8 9 . 4 $ - 5 4 . 0 $
Hydrogen  P h o s p h a t e 6 6 . 3$ 89-7% - 2 3 . 4 $
D ih y d ro g e n  P h o s p h a t e 65.3$* 8 6 .  0$ - 2 0 . 7 $
A c e t a t e 84 .  9$ 9 2 . 6 $ - 7 . 7 $
Form ate 35* 3% 9 2 . 0$ -56.77
O x a l a t e 74.7$ 89-77 - 1 5 . 0 $
EDTA 8 1 . 5$ 8 7 - 3 $ - 5 . 8 $
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w i t h  t h e  p r e c i p i t a t i o n  a n d  e v a p o r a t i o n  o f  t h e  (PDA^SO^ 
s a m p le ,  p o s s i b l y  t h r o u g h  c o - p r e c i p i t a t i o n ,  o c c l u s i o n ,  o r  
f o r m a t i o n  o f  m ixed  s a l t s .
I t  s h o u l d  be n o t e d  t h a t ,  a s  e x p e c t e d ,  s u l f i t e  showed 
an  i n c r e a s e  i n  s u l f a t e  r e c o v e r i e s  a t  t h e s e  l e v e l s  a n d  
h e n c e ,  m us t  be a b s e n t  f ro m  s a m p l e s .  The a c i d  t r e a t m e n t  f o r  
b i c a r b o n a t e  s h o u l d  a l s o  remove a n y  s u l f i t e  w h ic h  m ig h t  be 
p r e s e n t .
A l t h o u g h  i t  a p p e a r s  t h a t  m os t  a n i o n s  i n t e r f e r e  w i t h  
t h i s  w a t e r  a n a l y s i s  p r o c e d u r e ,  i t  s h o u l d  be n o t e d  t h a t  
t h e s e  a n i o n s  a r e  se ld o m  f o u n d  o v e r  o r  n e a r  a  1 :1  c o n c e n t r a ­
t i o n  r a t i o  w i t h  s u l f a t e  i n  p o t a b l e  w a t e r  s y s t e m s  ( w i t h  t h e  
o b v i o u s  e x c e p t i o n  o f  c h l o r i d e  a n d  b i c a r b o n a t e ) .  Thus m ost  
o f  t h e  a n i o n s  w o u ld  p o s e  no s e r i o u s  i n t e r f e r e n c e  p r o b l e m s  
u n l e s s  a  w a t e r  s a m p le  was h i g h l y  p o l l u t e d .
B i c a r b o n a t e ,  on t h e  o t h e r  h a n d ,  i s  p r e s e n t  i n  w a t e r  
s a m p le s  a n d  p r e c a u t i o n s  m u s t  be t a k e n  t o  e l i m i n a t e  i t s  
i n t e r f e r e n c e  e f f e c t s .  The m eth o d  p r o p o s e d  t o  a c c o m p l i s h  
t h i s ,  c o n s i s t e d  o f  t r e a t i n g  t h e  b i c a r b o n a t e  w i t h  a c i d  a n d  
h e a t i n g  t o  d r i v e  o f f  t h e  c a r b o n  d i o x i d e  f o r m e d :
HC03" + H+ Z n2C03 Z H2 °  + G02 T
A n um ber  o f  a c i d s  were  s u g g e s t e d  i n c l u d i n g  h y d r o c h l o r i c ,  
n i t r i c ,  a c e t i c ,  f o r m i c ,  o x a l i c ,  a nd  c h l o r o a c e t i c  a c i d s .
B ased  on t h e  e a r l i e r  i n t e r f e r e n c e  s t u d i e s ,  h y d r o c h l o r i c  
a c i d  was t r i e d  f i r s t  a n d  f o u n d  t o  be e f f e c t i v e .  Thus n o ne
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o f  t h e  o t h e r  a c i d s  were  e v e n  u t i l i z e d .
The pH o f  t h e  sam ple  a n d  t h e  e f f e c t i v e  u se  o f  pH 
p l a y e d  a n  i m p o r t a n t  r o l e  i n  t h e  d e v e l o p m e n t  o f  t h i s  m eth o d .  
B i c a r b o n a t e  w i l l  fo rm  a  f l o c c u l e n t ,  v o l u m i n o u s ,  w h i t e  
p r e c i p i t a t e  w i t h  PDA+ a t  a  pH o f  9 . However,  a  c a r b o n a t e  
s o l u t i o n  w i t h  a h i g h e r  pH (>10)  g i v e s  no p r e c i p i t a t e  
b e c a u s e  t h e  PDA-Br i s  d e s t r o y e d  a t  t h a t  pH. S t e p h e n  
n o t e d  i n  h i s  n e p h e l o m e t r i c  p r o c e d u r e  t h a t  t h e  b e s t  p r e c i p i ­
t a t e  c h a r a c t e r i s t i c s  were  o b t a i n e d  a t  a  pH o f  5- M a d d a l o n e ' s  
e a r l y  work w i t h  t h e  p y r o l y s i s  p r o c e d u r e  was done u s i n g  
s u l f u r i c  a c i d  s o l u t i o n s  (pH <2 )  w i t h  no  l o s s  i n  r e c o v e r i e s  
n o t e d .  As t h e  work  p r o c e e d e d ,  i t  became c l e a r  t h a t  be low  
a  pH o f  10 ,  t h e  a c t u a l  pH v a l u e  was n o t  c r i t i c a l  and  c o u l d  
v a r y  s i g n i f i c a n t l y  w i t h o u t  a n y  l o s s  i n  s u l f a t e  r e c o v e r y .
I n  t h e  i n i t i a l  s t u d i e s ,  t h e  sa m p le  c o n t a i n e d  o n l y  
s u l f a t e  an d  b i c a r b o n a t e  ( 1 0 0  ppm e a c h ) ,  s i n c e  t h e  p u r p o s e  
was t o  f i n d  o u t  i f  a n  a c i d  t r e a t m e n t  was e f f e c t i v e  i n  
r e m o v in g  t h e  b i c a r b o n a t e .  L a t e r  s t u d i e s  u s e d  a  m ixed  
s o l u t i o n  o f  100  ppm s u l f a t e ,  2 00  ppm b i c a r b o n a t e ,  IfOO ppm 
c h l o r i d e ,  a nd  10 ppm n i t r a t e  a s  a  s y n t h e t i c  s a m p le ,  t o  
e v a l u a t e  t h e  o v e r a l l  e f f e c t i v e n e s s  o f  v a r i o u s  t r e a t m e n t  
p r o c e d u r e s .
O r i g i n a l l y ,  i t  was th o u g h t  t h a t  a f t e r  th e  a c i d  t r e a t ­
ment, t h e  pH would  need  t o  be r a i s e d  t o  a p p r o x im a t e ly  f i v e  
b e f o r e  t a k i n g  o u t  t h e  p y r o l y s i s  a l i q u o t s .  Thus, b o th  th e  
a c i d  and base  c o n c e n t r a t i o n s  were v a r i e d  t o  f i n d  t h e  optimum
11?
c o n d i t i o n s .  At t h e  same t i m e ,  t h e  s u l f a t e  s t a n d a r d  was 
a l s o  v a r i e d  t o  d e t e r m i n e  w h i c h  one ( s u l f u r i c  a c i d ,  sod ium  
s u l f a t e  o r  p o t a s s i u m  s u l f a t e )  w ou ld  be s u i t a b l e  f o r  
p r e p a r i n g  t h e  f i n a l  c a l i b r a t i o n  c u r v e ,  a n d  i f  i t  w ou ld  be 
a b s o l u t e l y  n e c e s s a r y  t o  t r e a t  t h e  s t a n d a r d  i n  t h e  same 
m an n e r  a s  t h e  s a m p l e .  The r e s u l t s  o f  t h e s e  i n i t i a l  s t u d i e s  
a r e  g i v e n  i n  T a b l e s  9 a n d  10 .
The d a t a  f o r  t h e  s u l f a t e  s t a n d a r d s ,  shown i n  T a b le  9> 
i s  t h e  a v e r a g e  v a l u e  o b t a i n e d  o v e r  a  c o n s i d e r a b l e  p e r i o d  
o f  t im e  f o r  e a c h  g i v e n  s t a n d a r d .  The u n t r e a t e d  s t a n d a r d s  
were  p r e p a r e d  d i r e c t l y  by p l a c i n g  100 p i  o f  a  100 ppm 
s u l f a t e  s o l u t i o n  i n  a  19 mm d i s h ,  a d d i n g  300 p i  o f  PDA-Br, 
m i x i n g ,  d r y i n g ,  a n d  p y r o l y z i n g  a s  b e f o r e .  The w o r s t  
r e s u l t s  were  o b t a i n e d  w i t h  p o t a s s i u m  s u l f a t e .  The r e c o v e r y  
v a l u e s  f ro m  day t o  day  t e n d e d  t o  be e r r a t i c  a nd  u n p r e d i c t ­
a b l e  and  i n d e e d  t h e y  w ere  b o t h  t h e  h i g h e s t  a n d  t h e  l o w e s t  
r e c o v e r y  v a l u e s  o b t a i n e d  f o r  a n y  o f  t h e  s t a n d a r d s .  Even  
t h e  r e l a t i v e  d e v i a t i o n s  w ere  c o n s i s t e n t l y  t h e  l a r g e s t  
among t h e  t h r e e  com pounds .  Thus p o t a s s i u m  s u l f a t e  was 
r e j e c t e d  a s  t h e  s t a n d a r d  s o l u t i o n  t o  u s e .
The s u l f u r i c  a c i d  a n d  so d iu m  s u l f a t e  s t a n d a r d s  showed 
c o m p a r a b le  r e c o v e r y  v a l u e s  w i t h  l e s s  t h a n  1% d i f f e r e n c e  
b e tw e e n  t r e a t e d  a n d  u n t r e a t e d  s a m p l e s ,  a l t h o u g h  t h e  a c t u a l  
r e c o v e r y  was s l i g h t l y  l o w e r  f o r  t h e  sod ium  s u l f a t e  s a m p l e s .  
A l t h o u g h  t h e  r e l a t i v e  d e v i a t i o n  f o r  t h e  u n t r e a t e d  s u l f u r i c  





Sample % R e c o v e ry
H2 S0^ — u n t r e a t e d  9 2 . 3 $  ± 3 - 3%
H2 S0^ -  t r e a t e d  91.4-$ ± 1 . ^ $
K^SO^ — u n t r e a t e d  9 ^ * 2 $  ± 2 . 9 $
K2 S0^ -  t r e a t e d *  8 8 . 5 $  ± 2 . 9 $
Na2 S0^ — u n t r e a t e d  8 9 . 7 $  ± 2 . 6 ^
Na2 S0^ — t r e a t e d  8 9 . ^ $  ± 2 . 0 $
^ t r e a t e d  w i t h  HC1 an d  NH^OH
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i t  s h o u l d  be n o t e d  t h a t  t h i s  v a l u e  was b a s e d  on 86 s a m p le s  
t a k e n  o v e r  a  p e r i o d  o f  t h r e e  m o n th s .  The o t h e r  d a t a  was 
b a s e d  on c o n s i d e r a b l y  f e w e r  s a m p le s  t a k e n  i n  a  p e r i o d  o f  
one m o n th .  I n  f a c t ,  t h e  s u l f u r i c  a c i d  d a t a  a n d  r e l a t i v e  
d e v i a t i o n  i n d i c a t e s  t h e  e x c e l l e n t  d a y - t o - d a y  r e p r o d u c i b i l i t y  
f o r  t h e  p y r o l y s i s  p r o c e d u r e .  The r e l a t i v e  d e v i a t i o n  o b t a i n e d  
on a n y  one g i v e n  d ay  w i t h  a  s e t  o f  s a m p le s  was n o r m a l l y  
l e s s  t h a n  ± 2 . 0 $ .  On a  d a i l y  b a s i s ,  t h e  r e l a t i v e  d e v i a t i o n s  
f o r  so d iu m  s u l f a t e  s a m p le s  w ere  s l i g h t l y  h i g h e r  t h a n  f o r  
t h e  s u l f u r i c  a c i d  s a m p l e s ,  b u t  o v e r a l l ,  t h e y  w ere  a  b i t  
more c o n s i s t e n t  a s  t h e  d a t a  i n  T a b le  9 I n d i c a t e s .
From a  r e c o v e r y  s t a n d p o i n t ,  t h e  s u l f u r i c  a c i d  a p p e a r e d  
t o  be t h e  b e s t  s t a n d a r d  t o  u s e ,  w i t h  so d iu m  s u l f a t e  b e i n g  
c o n s i d e r e d  q u i t e  a c c e p t a b l e .  I t  was d e c i d e d  t o  u s e  t h e  
sod ium  s u l f a t e  f o r  s t a n d a r d s  s i n c e  i t  was f e l t  t h a t  sod ium  
s u l f a t e  was more r e p r e s e n t a t i v e  o f  t h e  s p e c i e s  a c t u a l l y  
f o u n d  i n  w a t e r  s a m p l e s .  I t  was a l s o  d e c i d e d  t h a t  t h e  
s t a n d a r d s  s h o u l d  be  t r e a t e d  i n  t h e  same way a s  t h e  s a m p le s  
f o r  c o n s i s t e n c y ,  b u t  t h a t ,  a s  t h e  d a t a  show ed,  t h e  t r e a t m e n t  
c o u l d  be o m i t t e d  a t  t h e  d i s c r e t i o n  o f  t h e  a n a l y s t .
W hile  t h e  s t a n d a r d s  work was b e i n g  d o n e ,  t h e  e f f e c t s  
o f  v a r i o u s  h y d r o c h l o r i c  a c i d  c o n c e n t r a t i o n s  a n d  ammonium 
h y d r o x i d e  c o n c e n t r a t i o n s  w ere  a l s o  b e i n g  e v a l u a t e d .  T a b le  
10 c o n t a i n s  some r e p r e s e n t a t i v e  d a t a .  At t h e  h i g h e r  a c i d  
c o n c e n t r a t i o n s  (6m a n d  3M), t h e  r e s u l t s  t e n d e d  t o  be 
e r r a t i c ,  due i n  p a r t  t o  t h e  u s e  o f  p o t a s s i u m  s u l f a t e ,  b u t
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TABLE 10 
BICARBONATE REMOVAL STUDY 
EFFECT OF VARIOUS ACID AND BASE CONCENTRATIONS 
Sample  - -  100 ppm S 0 ^ ~ , 100 ppm HCO^~ 
S t a n d a r d  - -  100 ppm S0^~
T r e a t m e n t Sample  S 0 ^= R e c o v e ry
S t a n d a r d  
S0^= R e c o v e ry
6M HC1, 1M NH^OH 84.5% + 4 . l % 8 3 . 9% ±2. 7%
3M HC1, 1M NH^OH 9 2 . 3 % ±2.6% 8 8 . 8 % ± 2 . 0%
3M HC1, 0.5m NH^OH 7 3 . 1 $  ±9-9% 9 2 . 6% ± 2 . 0%
1M HC1, 0.5M NH^OH 90.3% ±1.1% 90. 3% ±1. 3%
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due m a i n l y  t o  t h e  e f f e c t s  o f  a d d i n g  l a r g e  am oun ts  o f  
c h l o r i d e ,  shown by c a l c u l a t i o n  t o  be g r e a t e r  t h a n  100  |_ig.
The b e s t  r e s u l t s  w e re  o b t a i n e d  w i t h  1M h y d r o c h l o r i c  a c i d  
an d  0.5M ammonium h y d r o x i d e  w i t h  t h e  c o m p l e t e  a g r e e m e n t  
b e tw e e n  s t a n d a r d  a n d  sam ple  i n d i c a t i n g  t h a t  t h e  b i c a r b o n a t e  
h a d  b e e n  e f f e c t i v e l y  rem oved .
To be s u r e  o f  t h e s e  r e s u l t s ,  t h e  t r e a t m e n t  p r o c e d u r e  
u s i n g  1M h y d r o c h l o r i c  a c i d  a n d  0. 5M ammonium h y d r o x i d e  was 
r e p e a t e d  w i t h  r e c o v e r i e s  o f  8 8 . 5 $  ± 2 . 3 $  a n d  8 2 . 5 $  ± 1 . ^ $  f o r  
s t a n d a r d  a n d  sa m p le  r e s p e c t i v e l y  b e i n g  o b t a i n e d .  However ,  
i t  was n o t e d  t h a t  t h e  f i n a l  pH o f  t h e  s a m p le s  was d i f f e r e n t  
f o r  t h e  two e x p e r i m e n t s .  I n  t h e  f i r s t  e x p e r i m e n t ,  t h e  
f i n a l  sam ple  pH was s e v e n ,  w h e r e a s  i n  t h e  s e c o n d  e x p e r i m e n t  
t h e  f i n a l  sam ple  pH was t e n .  T h i s  h i g h  pH may have  c a u s e d  
t h e  low r e c o v e r i e s  by d e s t r o y i n g  t h e  PDA-Br.
R e p e a t i n g  t h i s  one e x p e r i m e n t  p o i n t e d  o u t  t h e  d i f f i ­
c u l t y  i n  a c c u r a t e l y  c o n t r o l l i n g  a n d  e s t a b l i s h i n g  a pH o f  
f i v e  w i t h  0.5M ammonium h y d r o x i d e .  As l i t t l e  a s  one o r  
two d r o p s  c o u l d  c h an g e  t h e  pH w e l l  b e y o nd  t h e  d e s i r e d  
v a l u e  o f  f i v e .  Thus i t  was d e s i r e d  t o  f i n d  a  more e f f e c t i v e  
m e th o d  o f  r a i s i n g  t h e  pH.
S e v e r a l  p o s s i b l e  a l t e r n a t i v e s  were  s u g g e s t e d  i n c l u d i n g  
t h e  u se  o f  an  ammonium a c e t a t e  b u f f e r  a d d e d  d r o p w i s e ,  a nd  
t h e  use  o f  a  s e t  volume (1 m l)  o f  a w e a k e r  ammonium 
h y d r o x i d e  s o l u t i o n  ( 0 . 1M) o r  an  ammonium a c e t a t e  b u f f e r  
(0 .1 M ) .  At t h i s  p o i n t ,  i t  was a l s o  d e c i d e d  t h a t  t h e  sam ple
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s h o u l d  he more r e p r e s e n t a t i v e  o f  a  w a t e r  s a m p le  and  h e n c e  
t h e  s y n t h e t i c  sa m p le  was u s e d .  T a b le  11 c o n t a i n s  t h e  
r e s u l t s  o f  e x p e r i m e n t s  u s i n g  t h e s e  c o n d i t i o n s .  As shown, 
t h e  ammonium a c e t a t e  b u f f e r  g a v e  p o o r  r e s u l t s  a t  b o t h  
c o n c e n t r a t i o n s  w i t h  low r e c o v e r i e s  a n d  h i g h  r e l a t i v e  d e v i a ­
t i o n s .  A l t h o u g h  no  sam ple  t r e a t m e n t  a t  a l l  gave  r e c o v e r i e s  
c o m p a r a b l e  t o  t h e  1M h y d r o c h l o r i c  a c i d  a n d  O .5M ammonium 
h y d r o x i d e ,  t h e  r e l a t i v e  d e v i a t i o n s  w ere  much h i g h e r .  Thus,  
t h e  b e s t  o v e r a l l  r e s u l t s  w e re  s t i l l  o b t a i n e d  w i t h  t h e  1M 
h y d r o c h l o r i c  a c i d  an d  0.5M ammonium h y d r o x i d e .
At t h i s  p o i n t ,  a  q u e s t i o n  was r a i s e d  c o n c e r n i n g  t h e  
n e c e s s i t y  o f  a d j u s t i n g  t h e  pH t o  f i v e  a f t e r  t h e  a c i d  t r e a t ­
m e n t ,  s i n c e  t h i s  s t e p  was t i m e - c o n s u m i n g  and  cumbersom e.
Two a l t e r n a t i v e s  w ere  s u g g e s t e d ,  b o t h  o f  w h ic h  w ou ld  s i m p l i f y  
t h e  p r o c e d u r e .  The f i r s t  a l t e r n a t i v e  was t o  e v a p o r a t e  t h e  
sam ple  c o m p l e t e l y  t o  d r y n e s s  a f t e r  t h e  h y d r o c h l o r i c  a c i d  
a d d i t i o n ,  t h e r e b y  e n s u r i n g  c o m p l e t e  d e s t r u c t i o n  o f  t h e  
b i c a r b o n a t e  a n d  d r i v i n g  o f f  any  e x c e s s  h y d r o c h l o r i c  a c i d .
The s e c o n d  a l t e r n a t i v e  was t o  make no pH a d j u s t m e n t  a t  a l l  
t o  t h e  sam ple  a f t e r  b o i l i n g  w i t h  t h e  h y d r o c h l o r i c  a c i d ,  
t h e r e b y  l e a v i n g  t h e  pH a t  < 2 .  T h i s  a l t e r n a t i v e  a p p e a r e d  
f e a s i b l e  s i n c e  s u l f u r i c  a c i d  s t a n d a r d s  h a d  p r e v i o u s l y  
b e e n  u s e d  w i t h o u t  a n  pH a d j u s t m e n t  a n d  e x c e l l e n t  r e s u l t s  
h a d  b e en  o b t a i n e d .  A n o t h e r  sam ple  c o n t a i n i n g  1000 ppm 
b i c a r b o n a t e  was a l s o  a d d e d  a t  t h i s  t im e  t o  d e t e r m i n e  w h ic h ,  
i f  any  o f  t h e  p r o p o s e d  p r o c e d u r e s ,  w o u ld  remove g r o s s
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TABLE 11 
BICARBONATE REMOVAL STUDY 
CONTROL OF pH 
S t a n d a r d  - -  100 ppm SO^- 
Sample  — 100 ppm SO^_ , 200 ppm HCO^- ,
^00 ppm C l  , 10 ppm NO^
T r e a t m e n t _S ample  S0j^~ R e c o v e ry
S t a n d a r d  
SO^-  R e c o v e ry
None 8 6 . 7 % ± 5 - 0% 89Afo ±3. 9%
1M HC1, 0.1M NH^OH 8 8 . 1% ± 2 . 8% 8k . 2 % ± 3 . 8%
1M HC1, 0.5M NH^OH 8 6 . 0% ±3 . 8% 89.4% ±1.7%
1M HC1, 0.1M NH^Ac 87.5% ±3.^% 8 3 . 1% ± 3 - 9%
1M HC1, 0.5M NH^Ac 78.5% ±9-9%* 8 3 . 6% ± 9 . 7%
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am o u n ts  o f  b i c a r b o n a t e .  T a b l e  12 l i s t s  t h e  r e s u l t s  o f  
t h i s  p r o c e d u r e s
A l t h o u g h  t h e  e v a p o r a t i o n  p r o c e d u r e  p r o d u c e d  t h e  b e s t  
r e s u l t s  f o r  s t a n d a r d s ,  i t  a l s o  p r o d u c e d  t h e  l o w e s t  r e s u l t s  
f o r  s a m p l e s .  The r e s u l t s  f o r  t h e  o t h e r  two p r o c e d u r e s  
w ere  a l m o s t  i d e n t i c a l ,  e x c e p t  i n  t h e  c a s e  o f  t h e  1000  ppm 
b i c a r b o n a t e .  Even  t h e n ,  t h e  d i f f e r e n c e  b e tw e e n  s t a n d a r d  
a n d  s a m p le  r e c o v e r i e s  was a l m o s t  i d e n t i c a l  f o r  t h e  two 
p r o c e d u r e s  ( - 6 .0 %  f o r  t h e  0.5M ammonium h y d r o x i d e  m e th o d  
a n d  - 6 .4 %  f o r  no pH a d j u s t m e n t ) .  C l e a r l y ,  no one p r o c e d u r e  
was s u p e r i o r  t o  t h e  o t h e r  tw o .  T hus ,  on t h e  b a s i s  o f  
s i m p l i c i t y  a n d  s p e e d ,  i t  was d e c i d e d  t o  u s e  t h e  1M h y d r o ­
c h l o r i c  a c i d  t r e a t m e n t  w i t h  no pH a d j u s t m e n t  a f t e r  b o i l i n g .
3 . S u l f a t e  C a l i b r a t i o n  Curve
The p r e p a r a t i o n  o f  a  c a l i b r a t i o n  c u r v e  b a s e d  on t h e  
c h o s e n  p r o c e d u r e  was t h e  n e x t  s t e p  t o w a r d  c o m p l e t i n g  t h e  
m e t h o d ' s  d e v e l o p m e n t .  Sodium s u l f a t e  s t a n d a r d s  f rom  0 -1 2 0  
ppm a t  10 ppm i n t e r v a l s ,  p l u s  15°  ppm, 200 ppm, a n d  2 50  ppm 
s t a n d a r d s ,  were  p r e p a r e d  u s i n g  a  s t o c k  s o l u t i o n  o f  1000 ppm 
s u l f a t e .  A 10 ml a l i q u o t  o f  e a c h  c o n c e n t r a t i o n  was p l a c e d  
i n  a 15 ml b e a k e r ,  t h r e e  d r o p s  o f  1M h y d r o c h l o r i c  a c i d  
w ere  a d d e d  ( t o  a  pH < 2 ) ,  a n d  t h e  s a m p le s  were  h e a t e d  t o  
b o i l i n g  u n t i l  a p p r o x i m a t e l y  5 ml r e m a i n e d .  E ach  sam ple  
was t r a n s f e r r e d  q u a n t i t a t i v e l y  t o  a 10 ml v o l u m e t r i c  
f l a s k  an d  d i l u t e d  t o  volume w i t h  d e i o n i z e d  w a t e r .  A b l a n k
TABLE 12 
BICARBONATE REMOVAL STUDY 
COMPARISON OF THREE PROPOSED PROCEDURES
S t a n d a r d  - -  100 ppm SO^-
T r e a t m e n t S t a n d a r dSO4 R e co v e ry
_Sample 
SO^- R eco v e ry
1M HC1, 0.5M NH^OH 
1M HC1, e v a p o r a t i o n  
1M HC1
86.4% ±3.1 % 
89.1% ±1 . 7%  
8 6 . 0% ± 3 . 0%
Sample - -  100 ppm SO^ , 200 ppm HCO^ , 400 ppm Cl  , 10 ppm NO^
1M HC1, 0.5M NH^OH 
1M HC1, e v a p o r a t i o n  
1M HC1
9 0 . 0% ± 1 . 3% 
9 0 . 0% ± 2 . 6% 
90.3% ±0.9%°
87.8% ±3.1% 
8 5 • 4% ± 1 . 6 % 
8 7 . 8 % ±1.7%
1M HC1, 0.5M NH^OH 
1M HC1, e v a p o r a t i o n  
1M HC1
Sample - -  100 ppm SO^ , 1000 ppm HCO^ , 400 ppm Cl  , 10 ppm NO^'
8 8 . 5% ±2 . 3%
9 0 . 0% ±2.1% 
84.9% ±2.2%
82.5% ± 1•4% 




o f  10 ml d e i o n i z e d  w a t e r  was t r e a t e d  i n  t h e  same m an n e r .  
T r i p l i c a t e  100 p i  a l i q u o t s  w e re  p l a c e d  i n  19 mm p y r o l y s i s  
d i s h e s ,  300 p i  o f  PDA-Br w ere  a d d e d  t o  e a c h  o n e ,  a n d  t h e  
s a m p le s  w ere  m ix e d ,  d r i e d ,  a n d  p y r o l y z e d  a s  b e f o r e .  The 
n e t  a b s o r b a n c e  v a l u e s  o b t a i n e d  were  p l o t t e d  v s .  ppm s u l f a t e  
i n  t h e  o r i g i n a l  10 ml s a m p l e ,  r e s u l t i n g  i n  a  c a l i b r a t i o n  
c u r v e  l i k e  t h e  one shown i n  F i g u r e  6.
As o b s e r v e d ,  t h e  c a l i b r a t i o n  c u r v e  was n o t  l i n e a r  o v e r  
t h e  e n t i r e  r a n g e  o f  0 -1 2 0  ppm. I n s t e a d  t h e  c u r v e  c o n t a i n e d  
two d i s t i n c t  l i n e a r  p o r t i o n s  f rom  0 - 9 0  ppm an d  9 0 - 1 2 0  ppm. 
T h i s  b r e a k  c a n  be a t t r i b u t e d  t o  two d i f f e r e n t  f a c t o r s :  The
c o l o r i m e t r i c  d e t e r m i n a t i o n  o f  s u l f u r  d i o x i d e  u s e d  i n  t h e  
p r o c e d u r e  c o n t a i n e d  a  v e r y  s l i g h t  b r e a k  a t  a p p r o x i m a t e l y  
6 | ig  s u l f u r  d i o x i d e  p e r  10 ml ( s e e  F i g u r e  3 ) :  ' the c a l c u l a t e d  
s u l f a t e  r e c o v e r y  f o r  t h e  s u l f a t e  s a m p le s  i n  t h e  0 - 9 0  ppm 
r a n g e  a v e r a g e d  9 0 %, w h i l e  f o r  t h e  s a m p le s  f rom 9 0 - 1 2 0 , t h e  
r e c o v e r i e s  f e l l  o f f  t o  8 6 %. F o r t u n a t e l y  b o t h  t h e  r e c o v e r i e s  
a n d  t h e  b r e a k  i n  t h e  s u l f u r  d i o x i d e  c u r v e  a r e  v e r y  r e p r o d u c ­
i b l e ,  m ak in g  i t  p o s s i b l e  t o  u s e  t h e  e n t i r e  0 -1 2 0  ppm r a n g e  
f o r  w a t e r  s a m p l e s .
S a m p le s  o f  1 50 ,  2 0 0 ,  a n d  250 ppm s u l f a t e  were  a l s o  
t r i e d .  However ,  a t  t h i s  l e v e l ,  t h e  d a t a  became e r r a t i c  and  
n o n - r e p r o d u c i b l e ,  a s  i n d i c a t e d  by s u l f a t e  r e c o v e r y  v a l u e s  
f rom  6 0 - Q0%>. Thus f o r  s a m p l e s  c o n t a i n i n g  more t h a n  120 ppm 
s u l f a t e ,  a  s m a l l e r  sa m p le  vo lum e (<10 m l)  o r  a  sam p le  


















The p r e c i s i o n  a n d  s e n s i t i v i t y  o f  t h e  m e th od  were 
d e t e r m i n e d  u s i n g  t h e  100 ppm s u l f a t e  sa m p le  a nd  t h e  r e a g e n t  
b l a n k .  Some t y p i c a l  d a t a  a r e  shown i n  T a b l e  13- The 
s e n s i t i v i t y  was d e f i n e d  a s  2 . 5  t i m e s  t h e  s t a n d a r d  d e v i a t i o n  
(b )  o f  t h e  b l a n k ,  g i v i n g  a  v a l u e  o f  1 . 8  ppm s u l f a t e .
W ith  t h i s  work  c o m p l e t e d ,  t h e  m e th o d  was r e a d y  t o  be 
a p p l i e d  t o  a c t u a l  w a t e r  s a m p l e s .
B. F i e l d  S t u d i e s
The f i e l d  s t u d i e s  f o r  t h i s  p r o c e d u r e  u t i l i z e d  two 
d i f f e r e n t  a p p r o a c h e s .  The f i r s t  a p p r o a c h  c o n s i s t e d  o f  
c o m p a r in g  t h e  r e s u l t s  o b t a i n e d  u s i n g  t h e  p y r o l y t i c  m eth o d  
and  f o u r  o t h e r  e s t a b l i s h e d  s u l f a t e  m e t h o d s .  F o r  t h e  s e c o n d  
a p p r o a c h ,  s a m p le s  f ro m  a n  i n d e p e n d e n t  l a b o r a t o r y  were  
a n a l y z e d  by  t h e  p y r o l y t i c  m e th o d  a n d  t h e  r e s u l t s  were  
co m p a red  t o  t h o s e  o f  t h e  i n d e p e n d e n t  l a b o r a t o r y .  I n  b o t h  
c a s e s ,  t h e  s a m p le s  w ere  s e l e c t e d  so  a s  t o  c o v e r  a  b r o a d  
r a n g e  o f  s u l f a t e  c o n c e n t r a t i o n s  a n d  w a t e r  c o n d i t i o n s .
1 . C o m p a r i so n  o f  F i v e  M ethods
The c o m p a r i s o n  o f  t h e  p y r o l y t i c  m e th o d ,  t h e  g r a v i m e t r i c
1 1 2  m e th o d ,  t h e  t u r b i d i m e t r i c  m e th o d ,  ’ t h e  b a r i u m  c h l o r -
a n i l a t e  s p e c t r o p h o t o m e t r i c  m e t h o d , ^ ^  a n d  S t e p h e n ' s
123n e p h e l o m e t r i c  m e th o d  was c o n d u c t e d  f i r s t .  T a b l e  l 4
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TABLE 13
PRECISION OF THE METHOD*
N e t  A b s o r b a n c e  V a l u e s
B lan k  100  ppm S0^‘
. 0 3 6  . 2 8 8
. 0 4 0  . 29 1
.042  .2 80
.0 3 9  -278
. 040 .282
. 0 3 6  . 2 8 0
. 040 .28 0
. 0 3 9  .282
.039  .292
. 0 4 0  . 2 7 9
. 0 4 0  . 2 9 1
.040  . 2 8 8
. 276
.0 3 9  = Mean = .2 8 4
± . 0 0 2  = <j  = ± . 0 0 6
-- ’*e l .a t+i -Ve = ± 2 - 0% D e v i a t i o n
See A p p e n d ix  A f o r  m e th o d s  o f  c a l c u l a t i o n .
TABLE l4
SULFATE DATA (PPM) FOR THE FIVE METHODS
Sample pH P y r o l y t i cMethod
G r a v i ­
m e t r i c
T u r b i d -
i m e t r i c
Bar ium
C h l o r -
A n i l a t e
S t e p h e n ’ s 
N e p h e l o ­
m e t r i c
B a to n  Rouge,  
La.
8 . 6 7 1 0 . 4  ± 0 . 5 9 .8 1 0 . 4  ± 0 . 3 6 . 9 6  ± 0 . 1 9 4 3 .2  ± 7 . 3
G a m a v i l l o , 
l a .
7 .8 6 1 1 .3  ± 1 - 9 1 2 .6 1 3 .6  ± 0 . 2 1 3 .2 4  ± 1 .0 4 7 1 . 0  ± 2 . 4
K e n n e r ,  La. 9 . 6 1 5 4 .9  ± 1 - 9 5 2 . 8 5 4 . 4  ± 0 . 8 4 6 . 8 0  ± 0 . 8 4 6 1 . 2  ± 0 . 3
N a t c h i t o c h e s , 
L a .
7 . 3 2 4 8 . 4  + 0 . 5 ^3 ■ 6 45 *2 ± 0 . 4 4 1 . 2 0  ± 0 .9 9 5 2 . 0  ± 1 . 0
San F r a n c i s c o ,  
C a l i f .
7 . 4 4 2 . 6  ± 0 . 6 — 2 . 6  ± 0 .1 1 .8 0  ± 0 .2 7 1 . 0  ± 0 .1
Diamondhead,  
M i s s .
8 . 6 7 8 . 2  ± 0 . 3 9 .1 9 . 5  ± 0 . 1 7 . 6 0  ± 0 . 4 0 19-8  ± 0 . 5
N a t c h e z ,  La. 8 . 2  5 <2 -------------- <2 ------------- 2 . 5  ± 1 . 0
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c o n t a i n s  t h e  r e s u l t s  o b t a i n e d  f o r  t h e  s e v e n  d r i n k i n g  
w a t e r  s a m p le s  s t u d i e d .
T hese  s a m p le s  r e p r e s e n t e d  a  v a r i e t y  o f  w a t e r  s o u r c e s  
a n d  a s  s u c h  t h e  w a t e r  t r e a t m e n t  p r o c e d u r e s  u s e d  on t h e s e  
w a t e r s  r a n g e d  f rom  e x t e n s i v e  w a t e r  p u r i f i c a t i o n  and  c h l o r ­
i n a t i o n  ( K e n n e r ,  L a .  s a m p l e )  t o  no t r e a t m e n t  w h a t s o e v e r  
( N a t c h e z ,  La.  s a m p l e ) .  S e v e r a l  s a m p l e s  were  known t o  be 
f rom  u n d e r g r o u n d  s t r e a m s  ( G a r n a v i l l o ,  Iowa a n d  B a to n  Rouge, 
L a . ) ,  w h i l e  one sa m p le  was a  w e l l  w a t e r  s a m p le  ( N a t c h e z ,  
L a . ) .  At l e a s t  two o f  t h e  s a m p le s  (K e n n e r ,  L a .  a n d  San 
F r a n c i s c o ,  C a l i f . )  were  f rom  l a r g e  m u n i c i p a l  w a t e r  t r e a t m e n t  
f a c i l i t i e s  w here  some t y p e  o f  w a t e r  t r e a t m e n t  i s  done 
b e f o r e  t h e  w a t e r  g o e s  t o  homes a n d  b u s i n e s s e s .  Some o f  
t h e  w a t e r  s y s t e m s  w e re  known t o  be c o n t i n u o u s l y  c h l o r i n a t e d  
w h i l e  o t h e r s  w ere  c h l o r i n a t e d  o n l y  a t  r e g u l a r  p e r i o d i c  
i n t e r v a l s  o r  a s  n e e d e d .  A f t e r  e a c h  sa m p le  was c o l l e c t e d ,  
i t  was n o t  t r e a t e d  i n  a n y  way a n d  was s t o r e d  i n  p o l y ­
e t h y l e n e  b o t t l e s  u n t i l  u s e d .
T r i p l i c a t e  s a m p l e s  w ere  r u n  f o r  a l l  t h e  m e th o d s  e x c e p t  
t h e  g r a v i m e t r i c  m e th o d .  The low s u l f a t e  c o n c e n t r a t i o n s  
a n d  t h e  l i m i t e d  q u a n t i t y  o f  s a m p le  p r e c l u d e d  d o i n g  more 
t h a n  one g r a v i m e t r i c  d e t e r m i n a t i o n  f o r  t h e  G a r n a v i l l o ,  l a . ,  
B a to n  Rouge,  L a . ,  a n d  D iam ondhead ,  M i s s ,  s a m p l e s  a n d  two 
g r a v i m e t r i c  d e t e r m i n a t i o n s  f o r  t h e  K e n n e r ,  La .  a n d  
N a t c h i t o c h e s ,  La. s a m p l e s .  The San F r a n c i s c o ,  C a l i f ,  a n d  
N a t c h e z ,  La .  w a t e r s  c o u l d  n o t  be done a t  a l l  s i n c e  p r e l i m -
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i n a r y  c a l c u l a t i o n s  showed t h a t  a p p r o x i m a t e l y  two l i t e r s  o f  
sam ple  w o u ld  hav e  b e e n  r e q u i r e d  f o r  a  s i n g l e  d e t e r m i n a t i o n .
As shown i n  T a b le  14 ,  t h e  r e s u l t s  f o r  t h e  g r a v i m e t r i c ,  
t u r b i d i m e t r i c , a n d  p y r o l y t i c  m e th o d s  a g r e e d  w i t h i n  t h e  
a c c e p t e d  d e v i a t i o n s  f o r  e a c h  m e th o d .  The b a r i u m  c h l o r -  
a n i l a t e  s p e c t r o p h o t o m e t r i c  r e s u l t s  w e re  c o n s i s t e n t l y  l o w e r  
t h a n  t h e  o t h e r  m e th o d s  f o r  a l l  t h e  s a m p le s  e x c e p t  G a r n a v i l l o .  
Due t o  t h e  l i m i t e d  u se  o f  t h i s  m e th o d  and  t h e  s m a l l  amount  
o f  d a t a  o b t a i n e d  f o r t h i s  s t u d y ,  no e x p l a n a t i o n  o f  t h i s  low 
d a t a  was r e a d i l y  d i s c e r n i b l e .
Some o f  t h e  m o s t  u n u s u a l  r e s u l t s  were  o b t a i n e d  w i t h  
S t e p h e n ' s  n e p h e l o m e t r i c  m e th o d .  The r e s u l t s  were  s i g n i f i ­
c a n t l y  h i g h e r  i n  a l l  c a s e s  e x c e p t  San F r a n c i s c o .  T h is  
c o u l d  be a c c o u n t e d  f o r  by t h e  p r e s e n c e  o f  b i c a r b o n a t e ,  
w h ich  p r e c i p i t a t e d  a s  t h e  PDA-HCO^. The p r e s e n c e  o f  
PDA-HCO^ was i m m e d i a t e l y  o b v i o u s ,  a s  i t s  a p p e a r a n c e  was 
q u i t e  d i f f e r e n t  f ro m  t h e  (PD A ^SO ^.  T h u s ,  a  s a m p le  w i t h  
l i t t l e  o r  no s u l f a t e  c o u l d  g i v e  a  n e p h e l o m e t r i c  r e a d i n g ,  a s  
was t h e  c a s e  w i t h  t h e  N a t c h e z ,  B a to n  Rouge, a n d  G a r n a v i l l o  
s a m p l e s .  As a  r e s u l t  o f  t h i s  w ork ,  t h e  u s e f u l n e s s  o f  
S t e p h e n ' s  m ethod  f o r  w a t e r  s a m p le s  i s  h i g h l y  q u e s t i o n a b l e .
The s t u d y  o r i g i n a l l y  i n c l u d e d  a  d i r e c t  t i t r i m e t r i c  
p r o c e d u r e  u s i n g  t h e  S u l f a n a z o  I I I  i n d i c a t o r . ^  However 
t h e  m e tho d  p r o v e d  t o  be t o o  i n s e n s i t i v e  a t  t h e  c o n c e n t r a t i o n  
l e v e l s  o f  t h e s e  s a m p l e s .  P o s s i b l y  t h e  use  o f  l a r g e r  
sam ple  v o lu m es  w o u ld  h a v e  r e s u l t e d  i n  u s a b l e  d a t a ,  b u t  a t
13^
t h i s  p o i n t  i n  t h e  s t u d y ,  o n l y  s m a l l  v o lu m e s  o f  sam ple  
r e m a i n e d  (<100 m l ) .  Thus t h e  m e th od  h a d  t o  be e l i m i n a t e d  
from t h e  s t u d y .
The p y r o l y t i c  m eth o d  was r e p e a t e d  s e v e r a l  t i m e s  t o  
v e r i f y  t h e  d a t a  a n d  f i n a l i z e  t h e  p r o c e d u r e .  A f t e r  t h e  
f i r s t  s e t  o f  d a t a  was o b t a i n e d ,  i t  was n o t e d  t h a t  t h e  
s u l f a t e  c o n c e n t r a t i o n s  were  q u i t e  low a s  com pared  t o  t h e  
n e p h e l o m e t r i c  o r  g r a v i m e t r i c  r e s u l t s .  I n  an  a t t e m p t  t o  
im prove  t h e s e  r e s u l t s ,  t h e  w a t e r  s a m p le s  were  r u n  t h o u g h  
a  c a t i o n  e x c h a n g e  co lum n  t o  e l i m i n a t e  any  c a t i o n s  w h ic h  
m ig h t  be c o p r e c i p i t a t i n g  o r  f o r m in g  m ix e d  s a l t s  w i t h  t h e  
(PDA)2 S0^.  T a b l e  15 shows t h a t  a  s i g n i f i c a n t  im p rov e m e n t  
i n  r e s u l t s  was o b s e r v e d  b e tw e e n  e x c h a n g e d  an d  n o n - e x c h a n g e d  
s a m p l e s .  Thus t h e  i o n  e x c h a n g e  s t e p  was made a p e r m a n e n t  
p a r t  o f  t h e  p y r o l y s i s  m e th o d .
T h i s  f i r s t  s e t  o f  d a t a  a l s o  i n d i c a t e d  t h e  n e e d  t o  u se  
a  l a r g e r  p y r o l y s i s  a l i q u o t  f o r  s a m p le s  c o n t a i n i n g  l e s s  
t h a n  10 ppm. T a b le  16 shows t h e  d a t a  o b t a i n e d  when 100 p i  
o r  200 p i  a l i q u o t s  w ere  u s e d .  The r e l a t i v e  d e v i a t i o n s  were  
much l o w e r  i n  a l l  c a s e s  w i t h  t h e  l a r g e r  a l i q u o t ,  a l t h o u g h  
o n l y  t h e  San F r a n c i s c o  w a t e r  a nd  t h e  G a r n a v i l l o  w a t e r  
showed s i g n i f i c a n t  im p r o v e m e n t s  i n  t h e  o b s e r v e d  s u l f a t e  
c o n c e n t r a t i o n s .
2 .  C o m p a r i so n  o f  D a ta  B e tw een  Two L a b o r a t o r i e s




USE OF AN ION EXCHANGE COLUMN
Sample Non- E x ch an g e  d E x ch an g ed
B a to n  Rouge 9 - 3 ppm ± 0 . 2 1 0 . ^ ppm 1+ 0
G a r n a v i l l o 3 . 2 ppm ± 1 . 1 1 1 . 3 ppm ± 1 . 9
Diamondhead 6 . 5 ppm ± 0 . 7 8 . 2 ppm
0^1
0+1
San F r a n c i s c o N.D. 2 . 6 ppm ± 0 . 6
K e n n e r 20  . 5 ppm ± 1 . 2 5 5 ^ - 9 ppm ± 1 . 9




-3" ppm 1+ 0
N a tc h e z N.D. <2





Sample 100 p i  a l i q u o t 200 p i  a l i q u o t
B a to n  Rouge 
G a r n a v i l l o  
Diamondhead 
San F r a n c i s c o
1 0 .6  ppm ± 0 . 6
9 . 7  ppm ± 1 . 2
9 .1  ppm ± 1 .1
N.D.
1 0 .2  ppm ± 0.
1 2 .9  ppm ± 0 . 3
8 . 0  ppm ± 0 . 3  
2 . 5  ppm ± 0 . 6
N.D. - -  none  d e t e c t a b l e ;  b l a n k  r e a d i n g s  o b s e r v e d .
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i n d i c a t e d  t h a t  t h e  p y r o l y t i c  m e th o d  com pared  f a v o r a b l y  
t o  o t h e r  e x i s t i n g  s u l f a t e  m e t h o d s ,  a n o t h e r  s t u d y  was deemed 
n e c e s s a r y  t o  i n s u r e  a g a i n s t  a n y  o p e r a t o r  b i a s  i n  t h e  above  
m e th o d s  c o m p a r i s o n  s t u d y .  Mr. Ves S h i r l e y  o f  t h e  L o u i s i a n a  
S t r e a m  C o n t r o l  C o m m iss io n ,  D i v i s i o n  o f  W a te r  P o l l u t i o n  
C o n t r o l ,  p r o v i d e d  o u r  l a b o r a t o r y  w i t h  25 ml o f  t h i r t e e n  
d i f f e r e n t  w a t e r  s a m p l e s .  The r o u t i n e  a n a l y s e s  c o n d u c t e d  
by t h e  W a te r  P o l l u t i o n  C o n t r o l  L a b o r a t o r y  y i e l d e d  t h e  
w a t e r  q u a l i t y  d a t a  g i v e n  i n  T a b le  17.  As shown, a  wide  
v a r i e t y  o f  s a m p le  c o n s t i t u e n t s  a n d  c o n c e n t r a t i o n s  was 
o b t a i n e d .
A f t e r  t h e  s u l f a t e  c o n c e n t r a t i o n s  were  d e t e r m i n e d  by 
o u r  l a b o r a t o r y  v i a  t h e  p y r o l y t i c  m e th o d ,  t h e  d a t a  was 
c o m p a red  t o  t h e  d a t a  o b t a i n e d  by  t h e  W a te r  P o l l u t i o n  C o n t r o l  
L a b o r a t o r y  v i a  t h e  b a r i u m  s u l f a t e  t u r b i d i m e t r i c  m e tho d .
T a b le  18 shows t h e  s u l f a t e  d a t a  f ro m  b o t h  l a b o r a t o r i e s .  The 
d a t a  f o r  two o f  t h e  s a m p le s  (5806A a n d  8803A) was u n a v a i l ­
a b l e  f rom  t h e  W a te r  P o l l u t i o n  C o n t r o l  L a b o r a t o r y .
Upon e x a m i n a t i o n  o f  t h e  d a t a ,  a  num ber  o f  d i s c r e p a n c i e s  
were  n o t e d  b e t w e e n  t h e  two l a b o r a t o r i e s .  D i f f e r e n c e s  i n  
e x p e r i m e n t a l  p r o c e d u r e s  a n d  c o n d i t i o n s  a c c o u n t e d  f o r  m o s t  o f  
t h e s e  d i s c r e p a n c i e s .  The W a te r  P o l l u t i o n  C o n t r o l  L a b o r a t o r y  
made o n l y  one s u l f a t e  d e t e r m i n a t i o n  p e r  w a t e r  s a m p l e ,  w h e r e a s  
i n  o u r  l a b o r a t o r y ,  t r i p l i c a t e  d e t e r m i n a t i o n s  w ere  made f o r  e a c h  
s a m p le .  T h us ,  no r e l a t i v e  d e v i a t i o n s  were  o b t a i n a b l e  f o r  
t h e  t u r b i d i m e t r i c  m e th o d .  I f  t h e  a c c e p t e d  r e l a t i v e  d e v i a t i o n
TABLE 1?
WATER QUALITY DATA
L o u i s i a n a S t r e a m  C o n t r o l Com m iss ion ,  W ate r P o l l u t i o n C o n t r o l D i v i s i o n
Sample
Pa r  am e t
8502 8503 9701 77 01 8802 5806 880;
A l k a l i n i t y  
(mg/1 CaC03 )
231 320 66 116 18 2 3 . 6 25.
pH 7 - 4 7 . 5 7 . 5 8 . 3 7 -3 7 .8 7 ■
H a r d n e s s
(mg/1 CaCO^)
92 150 69 170 18 1205 1195
T u r b i d i t y  ( J . T . U . ) 120 120 85 33 43 3 6
T o t a l  S o l i d s 522 532 294 366 194 7932 8328
D i s s o l v e d  S o l i d s 210 236 164 324 96 7910 8272
C h l o r i d e  ( m g / l ) *1-0 . 3 3 8 . 6 1 9 .3 29 1 6 . 0 4150 4375
S u l f a t e  ( m g / l ) 22 22 7 42 11 540 56 0
Sodium (m g / l ) 23 25 15 25 11 1220 1230
D i s s o l v e d  Oxygen 
( m g / l )
6 . 2 6 .1 *1.0 6 . 3 6 . 7 3-1 3
C o l o r 30 30 30 20 30 20 20
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TABLE 18
SULFATE DATA (PPM) FROM TWO LABORATORIES 
USING DIFFERENT METHODS
Sample # P y r o l y t i cMethod
T u r b i d i m e t r i c
Method
5 806A 2 1 9 -2 + 2 . 6 N . A.
8502 1 8 . 2 + 0 .1 22
8803A 2 7 2 . 8 ± 4 . 0 N. A.
9701 6 . 6 ± 0 . 2 7
7701 4 8 . 7 + 0 . 5 42
8503 1 7-0 + 1 . 8 22
8802 1 2 . 5 + 0 . 5 11
5806B 5 7 5 .0 ± 1 6 .8 540
8803B 6 1 1 . 0 ± 1 4 .  9 56 o
Y 5 137-2 + 2 . 2 136
F06 2 0 0 .8 + 3 -0 96*
J1 9 2 5 4 .3 ± 5 . 7 88*
J31
N. A.
1 8 5 .0
- -  n o t  a v a i l a b l e
+ 2 . 6 100
*
i n s t r u m e n t  p r o b l e m s  e x p e r i e n c e d  by W a te r  P o l l u t i o n  
C o n t r o l  L a b o r a t o r y
d i l u t i o n  e r r o r ;  v a l u e  c o u l d  r a n g e  f ro m  100 - 2 0 0  ppm
l40
o f  ± 10% i s  a p p l i e d  t o  t h e  t u r h i d i m e t r i c  d a t a ,  t h e  r e s u l t s  
o f  t h e  two l a b o r a t o r i e s  show a much c l o s e r  a g r e e m e n t .
The l a s t  t h r e e  s a m p le s  i n  T a b l e  18 showed l a r g e  d i f f e r ­
e n c e s  b e tw e e n  t h e  two l a b o r a t o r i e s .  The W a te r  P o l l u t i o n  
C o n t r o l  L a b o r a t o r y  a c k n o w l e d g e d  t h a t  t h e y  h a d  some p r o b l e m s  
i n  t h e  a n a l y s i s  o f  t h e s e  s a m p l e s .  I n s t r u m e n t  p r o b l e m s  
o c c u r r e d  w i t h  two s a m p le s  (F06 a n d  J19)>  a n d  a  d i l u t i o n  
e r r o r  o c c u r r e d  w i t h  t h e  l a s t  s a m p le  ( J 3 l ) *  D a ta  o b t a i n e d  
f ro m  t h e  W a te r  P o l l u t i o n  C o n t r o l  L a b o r a t o r y  showed t h a t  
t h e  v a l u e  f o r  sam ple  J31  c o u l d  v a r y  f rom  1 0 0 -2 0 0  ppm, 
d e p e n d i n g  on how t h e  s l o p e  o f  t h e  c a l i b r a t i o n  c u r v e  a t  i t s  
l o w e r  e n d  was d raw n.  A s m a l l  c h a n g e  i n  t h i s  s l o p e  r e s u l t e d  
i n  s m a l l  c h a n g e s  i n  s u l f a t e  v a l u e s  ( 2 - 4  ppm ),  w h ic h  were  
g r e a t l y  m a g n i f i e d  when t h e  sam p le  d i l u t i o n  ( 1 : 4 9 )  was 
t a k e n  i n t o  a c c o u n t .  U n f o r t u n a t e l y  t h e  W a te r  P o l l u t i o n  
C o n t r o l  L a b o r a t o r y  was u n a b l e  t o  r e p e a t  t h e i r  a n a l y s i s .
However, o u r  l a b o r a t o r y  h a d  s u f f i c i e n t  sam ple  r e m a i n i n g  
f o r  t h o s e  t h r e e  w a t e r  s a m p le s  t h a t  a  t u r b i d i m e t r i c  a n a l y s i s  c o u l d  
be do n e .  T a b l e  19 shows t h a t  t h e  s u l f a t e  c o n c e n t r a t i o n s  were 
much h i g h e r  t h a n  r e p o r t e d  by t h e  W a te r  P o l l u t i o n  C o n t r o l  L a b o r ­
a t o r y .  The t u r b i d i m e t r i c  v a l u e s  o b t a i n e d  by o u r  l a b o r a t o r y  
showed much c l o s e r  a g r e e m e n t  w i t h  t h e  p y r o l y t i c  v a l u e s .
On t h e  b a s i s  o f  t h e s e  two s t u d i e s ,  i t  was f e l t  t h a t  
t h e  p y r o l y t i c  m etho d  c o m p a red  f a v o r a b l y  t o  e x i s t i n g  m e tho d s  




SULFATE DATA BETWEEN TWO LABS 
USING THE TURBIDIMETRIC METHOD
T u r b i d i m e t r i c  Method 
WPC Ours





96 ppm 191 ppm
88 ppm 263 ppm








The n e e d  f o r  a n a l y t i c a l  p r o c e d u r e s  f o r  t h e  r o u t i n e  
a n a l y s i s  o f  o u r  w a t e r s  h a s  l e d  t o  t h e  d e v e l o p m e n t  o f  a 
new m e th od  f o r  t h e  d e t e r m i n a t i o n  o f  s u l f a t e .  T h i s  new 
m e th o d  was b a s e d  on  t h e  p r e c i p i t a t i o n  o f  s u l f a t e  a s  
2 - p e r i m id i n y l a m m o n iu m  s u l f a t e  w i t h  t h e  s u b s e q u e n t  p y r o l y s i s  
o f  t h i s  compound t o  fo rm  s u l f u r  d i o x i d e ,  w h ic h  was d e t e r ­
m in e d  c o l o r i m e t r i c a l l y . I n t e r f e r e n c e s  were  r em oved  p r i o r  
t o  t h e  p r e c i p i t a t i o n  t h r o u g h  t h e  u se  o f  a n  i o n  e x c h a n g e  
co lum n a n d  a n  a c i d  t r e a t m e n t .
The p y r o l y t i c  m e th o d  h a s  a  num ber  o f  a d v a n t a g e s  o v e r  
c u r r e n t l y  u s e d  p r o c e d u r e s .  The f i r s t  a d v a n t a g e  i s  
i m m e d i a t e l y  o b v i o u s  upon  b e g i n n i n g  t h e  p r o c e d u r e .  The 
w a t e r  s a m p le  s i z e  u s e d  i s  10 ml o r  l e s s ,  d e p e n d i n g  on t h e  
c o n c e n t r a t i o n  o f  s u l f a t e  i n  t h e  w a t e r .  F o r  a  sam ple  
c o n t a i n i n g  0 - 1 2 0  ppm s u l f a t e ,  w h ic h  i s  t h e  w o r k i n g  r a n g e  
o f  t h e  m e th o d ,  a 10 ml a l i q u o t  i s  r e q u i r e d .  I f  a  s a m p le  
c o n t a i n s  more t h a n  120 ppm, an  a l i q u o t  o f  1 - 5  ml c a n  be 
u s e d .
F o r  m os t  p r o c e d u r e s ,  t h e  sa m p le  s i z e  i s  f i x e d  by t h e  
p r o c e d u r e ,  a n d  o n l y  a f t e r  t h e  a n a l y s i s  h a s  b e e n  c o m p l e t e d ,  
d o e s  t h e  a n a l y s t  know w h e t h e r  o r  n o t  t h e  sa m p le  w i l l  f a l l  
w i t h i n  t h e  w o r k i n g  r a n g e  o f  h i s  p a r t i c u l a r  m e th o d .  I f  i t  
d o e s  n o t  f a l l  i n  t h e  r a n g e ,  t h e  sa m p le  m u s t  be d i l u t e d  
o r  c o n c e n t r a t e d ,  a n d  r e a n a l y z e d ,  t h e r e b y  r e q u i r i n g
1 Vi-
a d d i t i o n a l  a n a l y s t  t i m e ,  a d d i t i o n a l  r e a g e n t s  a n d  a d d i t i o n a l  
e x p e n s e .
T h i s  r e p e t i t i o n  was a v o i d e d  i n  t h e  p y r o l y t i c  m e th o d  
t h r o u g h  t h e  u se  o f  a  q u i c k  a n d  s i m p l e  s p o t  t e s t .  The 
s p o t  t e s t  was done w i t h  a  100 jj. 1 w a t e r  s a m p le ,  3 0 ° p i  o f  
t h e  PDA-Br r e a g e n t ,  a n d  a  p y r o l y s i s  d i s h  ( o r  some o t h e r  
c o n v e n i e n t  c o n t a i n e r  s u c h  a s  a  b l a c k  s p o t  p l a t e ) .  By 
v i s u a l l y  c o m p a r in g  t h e  amount  o f  p r e c i p i t a t e  i n  t h e  s a m p le s  
t o  t h e  amount  o f  p r e c i p i t a t e  i n  s e v e r a l  s t a n d a r d s  (10 ppm, 
100 ppm, a n d  2 50  ppm ),  a  f a i r  a p p r o x i m a t i o n  o f  t h e  s u l f a t e  
c o n t e n t  c o u l d  be o b t a i n e d .  Thus f o r  c o n c e n t r a t e d  s a m p l e s  
(>120 ppm ),  t h e  i n i t i a l  s a m p le  s i z e  c o u l d  be a d j u s t e d  
b e f o r e  t h e  a n a l y s i s  was b e g u n .  I f  t h e  sa m p le  showed low 
s u l f a t e  c o n c e n t r a t i o n s  (<10 ppm ),  t h e  sam ple  s i z e  was 
m a i n t a i n e d  a t  10 m l ,  b u t  t h e  p y r o l y s i s  a l i q u o t  c o u l d  be 
i n c r e a s e d  f rom  100 t o  200 p i  t o  o b t a i n  more r e l i a b l e  
r e s u l t s .
B e s i d e s  h a v i n g  a  w o r k i n g  r a n g e  o f  0 -1 2 0  ppm s u l f a t e ,  
w h ic h  i s  r e a d i l y  e x p a n d a b l e ,  t h e  p y r o l y t i c  m eth o d  h a s  a  
s e n s i t i v i t y  o f  1 . 8  ppm w i t h  a  r e l a t i v e  s t a n d a r d  d e v i a t i o n  
o f  ±2 .0% .  T h i s  c o m p a r e s  f a v o r a b l y  w i t h  t h e  r e l a t i v e  
s t a n d a r d  d e v i a t i o n  o f  t h e  g r a v i m e t r i c  m eth o d  (±2.0% ) a n d  
i s  b e t t e r  t h a n  t h e  r e l a t i v e  s t a n d a r d  d e v i a t i o n  o f  t h e  
t u r b i d i m e t r i c  m e th o d  (±10%). The p y r o l y t i c  m e th o d  a l s o  
a l l o w s  f o r  t r i p l i c a t e  a n a l s e s  t o  be dene u s i n g  one 10 ml 
w a t e r  s a m p le ,  w h e r e a s  t h e  o t h e r  m e th o d s  r e q u i r e  a d d i t i o n a l
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sa m p le  f o r  e a c h  a n a l y s i s .  Thus s t a t i s t i c a l  d a t a  c a n  e a s i l y  
a n d  r e a d i l y  be made a v a i l a b l e .
The p y r o l y t i c  m eth o d  i s  e a s y  t o  o p e r a t e  a n d  r e l a t i v e l y  
i n e x p e n s i v e  f o r  i t  r e q u i r e s  no e l a b o r a t e  o r  s o p h i s t i c a t e d  
e q u ip m e n t  b e y o n d  t h e  t y p i c a l  l a b o r a t o r y  s p e c t r o p h o t o m e t e r .
A s i m p l e  p y r o l y s i s  oven c a n  be c o n s t r u c t e d  u s i n g  a  Y a r i a c ,  
two L i n d b e r g  c e r a m i c  h e a t i n g  u n i t s ,  and  a  q u a r t z  t u b e .
Most o f  t h e  r e a g e n t s  n e e d e d  a r e  a l s o  r e a d i l y  a v a i l a b l e .
One o f  t h e  few  d ra w b a c k s  t o  t h i s  p r o c e d u r e  i s  t h e  
c u r r e n t  u n a v a i l a b i l i t y  o f  t h e  r e a g e n t ,  2 - p e r i m id i n y l a m m o n iu m  
b r o m i d e .  P r e s e n t l y ,  t h e  r e a g e n t  m u s t  be s y n t h e s i z e d  by 
a n y o n e  w i s h i n g  t o  u se  t h i s  p r o c e d u r e ,  a l t h o u g h  i t  s h o u l d  
be n o t e d  t h a t  t h e  s y n t h e s i s  i s  s i m p l e ,  e a s y ,  a n d  q u i c k ,  
a n d  t h a t  t h e  two s t a r t i n g  m a t e r i a l s  n e e d e d  a r e  r e a d i l y  
a v a i l a b l e .  E f f o r t s  a r e  c u r r e n t l y  u n d e r  way t o  have  t h e  
r e a g e n t  c o m m e r c i a l l y  p r e p a r e d  a n d  m a r k e t e d .
One p r o b l e m  t h a t  i s  u n i v e r s a l  t o  a l l  p r o c e d u r e s  i s  
i n t e r f e r e n c e s .  W ith  t h e  p y r o l y t i c  m e th o d ,  t h e  m ost  
s e r i o u s  i n t e r f e r e n c e s  w ere  rem oved  b e f o r e  t h e  s u l f a t e  was 
p r e c i p i t a t e d .  F o r  m os t  d r i n k i n g  a n d  n a t u r a l  w a t e r  s a m p l e s ,  
t h e  c o n c e n t r a t i o n  o f  a n y  p o t e n t i a l  i n t e r f e r e n c e s  r e m a i n i n g  
i n  t h e  sa m p le  i s  t o o  low t o  c a u s e  a n y  i n t e r f e r e n c e  
p r o b l e m s .  Only  i n  g r o s s l y  p o l l u t e d  w a t e r s  w o u ld  one be 
l i k e l y  t o  o b s e r v e  a n y  i n t e r f e r e n c e  e f f e c t s ,  p a r t i c u l a r l y  
i f  t h e  w a t e r  c o n t a i n e d  h i g h  c o n c e n t r a t i o n s  o f  p h o s p h a t e .
1k 6
One f a c t o r  w h ic h  a n a l y s t ' s  c o n s i d e r  when c h o o s i n g  a 
r o u t i n e  a n a l y t i c a l  m e th o d ,  i s  t h e  t im e  r e q u i r e d  f o r  t h e  
a n a l y s i s .  F o r  one s a m p l e ,  t h e  g r a v i m e t r i c  m eth o d  t a k e s  
a p p r o x i m a t e l y  2k h o u r s ,  w h i l e  t h e  t u r b i d i m e t r i c  m e th o d  
r e q u i r e s  a p p r o x i m a t e l y  f i f t e e n  m i n u t e s ,  n o t  i n c l u d i n g  t h e  
c a l i b r a t i o n  w o rk .  C u r r e n t l y ,  u s i n g  o u r  e x i s t i n g  e x p e r i ­
m e n t a l  s e t - u p ,  t h e  p y r o l y t i c  m e th o d  f a l l s  b e tw e e n  t h o s e  
two t i m e s ,  r e q u i r i n g  a p p r o x i m a t e l y  s i x  h o u r s  f o r  a  s a m p le .
I t  s h o u l d  be  n o t e d  t h a t  two t o  t e n  s a m p le s  c a n  be done 
i n  t h e  same amount  o f  t i m e ,  m ak in g  i t  a d v a n t a g e o u s  t o  
a n a l y z e  more t h a n  one s a m p l e .
F u t u r e  work on t h i s  p r o c e d u r e  w i l l  be a im ed  a t  im p r o v i n g  
a n d  s p e e d i n g  up t h e  a n a l y s i s  t i m e .  A num ber  o f  s u g g e s t i o n s  
a n d  i d e a s  have  b e e n  p r o p o s e d .  The u se  o f  a  m ic row ave  
o v e n  h a s  b e e n  s u g g e s t e d  f o r  f a s t e r  e v a p o r a t i o n s  o f  sam ple  
a n d  s o l v e n t  i n  t h e  a c i d  t r e a t m e n t  s t e p  a nd  i n  t h e  p y r o l y s i s  
s a m p le  p r e p a r a t i o n ,  r e s p e c t i v e l y .  A n o t h e r  s u g g e s t i o n  
i n v o l v e d  t h e  d i r e c t  d e t e r m i n a t i o n  o f  t h e  s u l f u r  d i o x i d e  
p r o d u c e d  by t h e  p y r o l y s i s  s t e p ,  by a t t a c h i n g  a s u l f u r  
a n a l y z e r  t o  t h e  p y r o l y s i s  o v e n .  T h i s  w ou ld  e l i m i n a t e  t h e  
t h i r t y  m in u t e  c o l o r  d e v e l o p m e n t  t im e  r e q u i r e d  by t h e  
W est-G aeke  p r o c e d u r e .  The p o s s i b i l i t y  o f  a u t o m a t i n g  t h e  
p y r o l y s i s  p r o c e d u r e  h a s  a l s o  b e e n  p r o p o s e d  and  w ou ld  
c e r t a i n l y  e n h a n c e  t h e  u se  o f  t h i s  m ethod  on a  r o u t i n e  
b a s i s .
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Che m . . 2 0 : 8 3 - 5  ( 1 9 4 8 ) .
5 2 .  G. E. Symons,  e d .  S t a n d a r d  M e tho ds f o r  t h e  E x a m i n a t i o n  
o f  W a te r  and  S e w a g e . 9 t h  e d .  New Y ork :  A m e r ic a n  
P u b l i c  H e a l t h  A s s o c i a t i o n ,  1946 .  P a r t  43-  S u l f a t e .
53- B. K. H anda ,  I n d i a n  J . C h e m . , 3*368 ( 1 9 6 5 )•
5 4 .  J .  S . F r i t z  a n d  M. Q. F r e e l a n d ,  A n a l . C h e m . , 26 :
1 5 9 3 - 5  ( 1 9 5 4 ) .
55 .  J .  S. F r i t z  a n d  S. S .  Yamamura, A n a l . C h e m . , 27 :
1 4 6 1 -4  ( 1 9 5 5 ) .
5 6 . 0 .  M e n i s ,  D. L. M anning  a n d  R. G. B a l l ,  A n a l . C h e m . , 
3 0 : 1 7 7 2 - 6  ( 1 9 5 8 ) .
57 .  L. V. M a rk o v a ,  U k r a i n .  Khim. Z h u r . , 2 3 : 8 9 - 9 1  ( 1 9 5 7 ) .  
Chem. A bs .  5 l : l 0 3 1 1 f .
5 8 .  S. B. S a v v i n ,  Yu. M. Dedkov a n d  V. P.  M ak aro v a ,
Zh. A n a l .  K h i m . , 1 7 : 4 3 - 4 7  ( 1 9 6 2 ) .
5 9 .  B. B u d e s i n s k y  a n d  L. K ru m lo v a ,  A n a l .  Chim. A c t a ,  
3 9 * 3 7 5 -8 1  ( 1 9 6 7 ) .
6 0 .  K. F. N o v ik o v a ,  N. N. B a s a r g i n  a n d  M. F. T 'syganova ,
Zh. A n a l .  K h i m . , 1 6 : 3 4 8 - 5 1  ( 1 9 6 l ) .
6 1. A. A. N o g in a  a n d  G. G. K obyak ,  Uch. Z a p . ,  Pe r m s k .  Gos. 
U n i v . , 2 5 : 7 3 - 8  ( 1 9 6 3 )* Chem. Abs. 6 l : l 6 l l a .
6 2 .  Z. K. K a r a l o v a  a n d  N. P .  S h i b a e v a ,  Zh. A n a l .  K h i m . , 
1 9 : 2 5 8 - 6 0  ( 1 9 6 4 ) .
6 3 . S. B. S a v v i n ,  T. G. Akimova,  V. P .  D edkova ,  a n d  G. M. 
V a r s h a l , Zh. A n a l .  K h i m . , 2 4 : 1 8 6 8 - 7 0  ( 1 9 6 9 ) .
6 4 .  V. I .  K u z n e t s o v  a n d  N. N. B a s a r g i n ,  Z a v o d ska.va Lab .  ,
3 1 : 5 3 8 - 4 1  ( 1 9 6 5 ) .
6 5 . N. N. B a s a r g i n  a n d  A. A. N o g in a ,  Zh. A n a l .  K h i m . , 
2 2 : 3 9 4 - 8  ( 1 9 6 7 ) .  Chem. Abs .  67 :25344m .
6 6 .  B. B u d e s i n s k y ,  M ic ro chem .  J . , 1 4 : 2 4 2 - 8  ( 1 9 6 9 ) .
6 7 . B. Oddo a n d  A. B e r e t t a ,  G azz .  Chim. I t a l . , 39*
6 7 1 - 5 . Chem. Abs. 5=845.
6 8 .  G. F i n c h ,  Chem. Z t g . . 3 6 =7 8 2 - 3 . Chem. Abs.  6=32 4 5 .
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69* P. Kenny ,  R. B. K u r t z ,  I .  B eck ,  a n d  I .  L u k o s e v i c i u s , 
A n a l .  Ch e m . , 2 9 : 5 4 3 - 6  ( 1 9 5 7 ) .
70.  I .  O d l e r  a n d  J .  G e b a u e r ,  Chem. Z v e s t i , 1 5 : 563~7 
( 1 9 6 1 ) .  Chem. Abs.  5 6 **6 6 6 Of.
71.  A. F. d e l  R ie g o ,  B o l .  I n s t .  E s o a n .  OceanoR. . , 120:
13 PP. ( 1 9 6 5 ) .  Chem. A bs .  6 4 : 7 8 6 7 g .
72 .  2 .  M i n d a l e v ,  Z . A n a l . Chem. . 7 5 : 3 9 2 - 5  ( 1 9 2 8 ) .
Chem. Abs .  2 3 : 1 0 8 0 .
73* E.  R i c c i ,  I n d .  Eng.  C hem . .  A n a l .  E d . , 8 : 1 3 0 - 2
( 1 9 3 6 ) .
74 .  G. N. N e c h i p o r e n k o , G i d r o k h i m .  M a t e r i a l y ,  2 6 : 2 0 7 - 1 7  
( 1 9 5 7 ) .  Chem. Abs .  5 1 s l 7 0 3 1 e .
75* R. P u s c h e l ,  E .  L a s s n e r  a n d  P .  L. R e i s e r ,  Z . A n a l .
C h e m . . 1 6 6 : 4 0 1 - 6  ( 1 9 5 9 ) -  Chem. Abs.  5 3 : l 6 7 9 8 f .
7 6 . G. N. N e c h i p o r e n k o ,  I z v e s t .  Akad. Nauk SSSR, O t d e l  
Khim. Nauk.  1 9 5 8 : 3 5 9 - 6 1 .
7 7 .  R. N a v o n e , J .  Am. W a te r  Wor k s A s s o c . , 5 1 : 9 3 2 - 4  ( 1 9 5 9 ) .
78 .  U. Niwa a n d  E. P. P a r r y ,  C h e m i s t - A n a l y s t , 4 9 :
1 0 2 -5  ( i 9 6 0 ) .
79- F* W. B r u c k m i l l e r ,  J .  I n d .  Eng. C h e m . , 7 : 6 0 0 - 2  ( 1 9 1 5 ) .
8 0 .  R. B e l c h e r ,  M. K a p e l  a n d  A. J .  N u t t e n ,  Ana l .  Chim.
A c t a . 8 : 1 4 6 - 9  ( 1 9 5 3 ) .
8 1. J .  W. M cC o nn e l l  a n d  R. S. I n g o l s ,  W a te r  & Sewage 
Works . 9 7 >330-2  ( 1 9 5 0 ) .
8 2 .  R. B e l c h e r ,  A. J .  N u t t e n  a n d  W. I .  S t e p h e n ,  J .  Chem. 
S o c . , 1 9 5 3 : 1 3 3 4 - 7 .
8 3 . R. B e l c h e r ,  A. J .  N u t t e n ,  E .  P a r r y ,  a n d  W. I .  S t e p h e n ,  
A n a l y s t , 8 1 : 4 - 8  ( 1 9 5 6 ) .
8 4 .  E. R a n ck e -M ad sen ,  A c ta  Chem. S c a n d . , 3>773 -7 ( 1 9 4 9 ) .
8 5 . T. K i b a ,  T. T a k a g i , Y. Y o s h im u r a ,  and  I .  K i s h i ,
B u l l  Chem. S o c .  J a p a n ,  2 8 : 6 4 1 - 4  (1955)*
8 6 .  I .  I .  V o lkov  a n d  E.  A. O s t ro u m o v ,  Zh. A n a l .  K h i m . . 
1 3 : 6 8 6 - 9 0  ( 1 9 5 8 ) .
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8 ? .  E. E. A r c h e r ,  A n a l y s t , 8 l : l 8 l - 2  ( 1 9 5 6 ) .
8 8 . G. W. D o l lm a n ,  E n v i r o n m e n t a l  S c i .  & T e c h . , 2 : 1 0 2 7 - 9  
( 1968 ) .
8 9 . H. W. B r u b a k e r ,  J ■ Am. Chem. S o c . . 3 ^ : 2 8 4~5 ( 1 9 1 2 ) .
9 0 .  C. U r b a c h ,  M i k r o c h e m i e , 1 4 : 3 2 1 - 3 0  ( 1 9 3 ^ ) •  Chem.
Abs.  2 8 : 6 8 8 6 .
9 1 .  G. N. B a b k in ,  Ya. F. V e b e r  a n d  M. E. A v e rbukh ,
I z v .  V y s s h i k h  Uchebn .  Z a v e d e n i i ,  Khim. i  Khim. T e k h n o l . , 
9 : 1 5 4 - 6  ( 1 9 6 6 ) .  Chem. Abs.  6 5 : 6 9 1 6 b .
9 2 .  F. Egami a n d  N. T a k a h a s h i ,  B u l l . Chem. S o c .  J a p a n ,
3 0 : 4 4 2 - 4  ( 1 9 5 7 ) .
9 3 .  I .  I w a s a k i ,  S .  U t s u m i ,  K. H a g in o ,  T. T a r u t a n i , a n d  
T. Ozawa, B u l l .  Chem. S o c .  J a p a n .  3 0 : 8 4 7 - 5 1  ( 1 9 5 7 ) .
9 4 .  D. B. I o k h e l ' s o n ,  U k r a i n .  Khem. Z h u r . . 9 : 2 5 - 8  (193^)*  
Chem. Abs.  2 8 : 7 3 8 7 -
95* B. K l e i n ,  I n d .  E ng .  C h e m . , A n a l .  E d . , 1 6 : 5 3 6 - 7  ( 1 9 ^ 0 *
9 6 . R. J .  B e r t o l a c i n i  a n d  J .  E .  B a r n e y ,  I I ,  A n a l .  C h e m . , 
2 9 : 2 8 1 - 3  ( 1 9 5 7 ) .
97 .  R. J .  B e r t o l a c i n i  a n d  J .  E .  B a r n e y ,  I I ,  A n a l .  C h e m . , 
3 0 : 2 0 2 - 5  ( 1 9 5 8 ) .
9 8 . M. E. G a l e s ,  J r . ,  W. H. K a y l o r  a n d  J .  E. L o n g b o t to m ,  
A n a l y s t  ( L o n d o n ) , 9 3 : 9 7 - 1 00  ( 1 9 6 8 ) .
99* B. B u d e s i n s k y  a n d  D. V r z a l o v a ,  Z . A n a l . C h e m . ,
2 1 0 : l 6 l - 6  ( 1 9 6 5 ) .
100.  Kanagawa P r e f e c t u r a l  P o l l u t i o n  C o n t r o l  C e n t e r .  T e c h .  
R e p t . , A i r  P o l l u t i o n  Yokoham a-Kawasaki  I n d .  A r e a ,
n o .  1 5 : 2 3 6 - 9  ( 1 9 7 3 ) .  A i r  P o l l u t i o n  Abs. 1 9 7 5 : 4 4 4 3 6 .
101.  T. V. P e t r o v a ,  N. K h a k im kh o dzhaev  and  S. B. S a v v i n ,
I z v .  Akad. Nauk SSSR, S e r .  K h i m . , 1 9 7 0 : 2 5 9 - 6 5 -  
Chem. Abs.  7 3 : 3 1 1 9 1 z .
102 .  G. A. P e r s s o n ,  A i r  W a te r  P o l l u t .  1 0 : 8 4 5 - 5 2  ( 1 9 6 6 ) .
Chem. Abs.  6 6 : 4 0 5 2 8 x .
1 0 3 . A. L a z r u s , E .  L o r a n g e  a n d  J .  P. L odge ,  J r . , Advan.
C h e m .■ 7 3 : 1 6 4 - 7 1  ( 1 9 6 8 ) .
1 5 3
104.  J .  K o r b l  and  R. P r i b i l ,  Chem. L i s t y , 51* 1 0 6 l - 7
( 1 9 5 7 ) .  Chem. Abs.  5 1 :1 1 9 1 5 a .
105 .  J .  M. Adamski  a n d  S. P . V i l l a r d ,  A n a l .  Ch e m . . 47 :  
1 1 9 1 -4  (1 9 7 5 )  -
106 .  M. R. M eSw ain , R. J .  W a t ro u s  a n d  J .  E. D o u g l a s s ,
A n a l .  C h e m . . 4 6 : 1 3 2 9 - 3 1  ( 1 9 7 4 ) .
107 .  V. P a l a t y ,  C h e m i s t r y  & I n d u s t r y .  1 9 6 0 : 1 7 6 .
108 .  A. K. Babko a n d  L. V. M arkova ,  Z a v o d s k a y a  L a b . , 
2 4 : 5 2 4 - 8  ( 1 9 5 8 ) .  Chem. Abs. 5 4 : 1 0 6 3 l i .
109.  V. F. Holz  a n d  H. K r e m e r s ,  L a n d w i r t .  F o r s c h . .
So n d e r h . ■ 2 8 : 1 8 9 - 2 0 1  ( 1 9 7 3 ) -  Chem. Abs .  8 0 : l 0 0 0 4 5 p .
110 .  J .  L. L a m b e r t ,  S. K. Y asuda  a n d  M. P. G r o t h e e r ,
A n a l .  C h e m . . 2 7 * 8 0 0 -1  ( 1 9 5 5 ) .
111 .  V. P a l a t y ,  T a l a n t a , 1 0 : 3 0 7 - 1 0  ( 1 9 6 3 ) .
112 .  T. N asu ,  B u n s e k i  Kagaku,  1 8 : 1 1 8 3 - 8  ( 1 9 6 9 ) Chem. 
Abs. 72 :24452m .
113 .  T. N asu ,  T. K i t a g a w a  a n d  T. M o r i ,  Bu n s e k i  K agaku ,  
1 9 * 6 7 3 -8 0  ( 1 9 7 0 ) .  Chem. Abs.  73*52053w.
114.  R. V. Hems, G. F. K i r k b r i g h t  a n d  T. S.  W es t ,
T a l a n t a . 1 6 : 7 8 9 - 9 6  ( 1 9 6 9 )-
115* R. G o g u e l ,  A n a l .  C h e m . . 4 1 : 1 0 3 4 - 8  ( 1 9 6 9 ) .
1 16 .  A. K. Babko a n d  L. V. M arkova ,  U k r a i n  Khim. Z h u r . ,
2 5 * 5 0 5 -8  ( 1 9 5 9 ) .  Chem. Abs. 5 4 :8 4 6 6 d .
117 .  I .  S t .  L o r a n t , Z . P h y s i o l . C h e m . , 1 8 5 : 2 4 5 - 6 6  ( 1 9 2 9 ) .  
Chem. Abs.  2 4 s l 4 0 2 .
118 .  C. M. J o h n s o n  a n d  H. N i s h i t a ,  A n a l .  C h e m . , 2 4 :
7 3 6 -4 2  ( 1 9 5 2 ) .
119 .  L. G u s t a f s s o n ,  T a l a n t a , 4 : 2 2 7 - 3 5  ( i 9 6 0 ) .
120 .  J .  B. D a v i s  a n d  F. L i n d s t r o m ,  A n a l .  C h e m . , 4 4 :
5 2 4 -3 2  ( 1 9 7 2 ) .
121 .  R. F. M a d d a lo n e ,  G. L. McClure  a n d  P. W. W est ,
A n a l .  C h e m .■ 4 7 : 3 1 6 - 9  ( 1 9 7 5 ) .
154
1 22 .  0 .  A. O h l w e i l e r  a n d  J .  de 0 .  M e d i t s c h ,  A n a l .  Chim. 
A c t a ,  2 5 : 2 3 3 - 7  ( 1 9 6 1 ) -
123* W. I .  S t e p h e n ,  A n a l .  Chim. A c t a , 5 0 : 4 1 3 - 2 2  ( 1 9 7 0 ) .
1 2 4 .  J .  I .  D. H in d s ,  J .  Am. Chem. S o c . . l 8 : 6 6 l - 7 0  ( 1 8 9 6 ) .
125 .  D. D. J a c k s o n ,  J .  Am. Chem. S o c . ,  2 3 : 7 9 9 - 8 0 6  ( 1 9 0 1 ) .
1 26 .  R. T.  S h e e n ,  H. L. K a h l e r  a n d  E. M. R o s s ,  I n d .  Eng .
Chem..  A n a l .  E d . . 7 : 2 6 2 - 5  ( 1 9 3 5 ) .
127 .  J .  F. Thomas a n d  J .  E .  C o t t o n ,  .Water & Se wage W o rk s , 
1 0 1 : 4 6 2 - 5  ( 1 9 5 4 ) .
1 28 .  W. Y o lm er  a n d  F. F r o h l i c h ,  Z. A n a l .  Chem. ,  1 2 6 :
4 0 1 - 4  ( 1 9 4 4 ) .  Chem. Abs. 4 0 : 1 4 7 -
1 2 9 .  M. Honda,  J .  Chem. S o c .  J a p a n .  P u r e  Chem. S e c t . . 
7 0 : 5 5 - 7  ( 1 9 4 9 ) .  Chem. Abs.  4 5 : 4 l 6 9 h .
1 3 0 .  J .  C. C h a u d h u r i ,  A. D. P u r o h i t  and  T. N. B h a r g a v a ,  
C u r r e n t  S c i .  ( I n d i a ) , 3 1 : 4 1 8  ( 1 9 6 2 ) .  Chem. Abs.  
5 8 : 5 3 8 0 c .
131 .  J .  R. Rossum a n d  P.  A. V i l l a r r u z ,  J .  Am. W a te r  Works 
A s s o c . . 5 3 : 8 7 3 - 6  ( 1 9 6 1 ) .
132 .  G. T o e n n i e s  a n d  B. B akay ,  A n a l . C h e m . . 2 5 : 1 6 0 - 5  
( 1 9 5 3 ) .
133 .  T . Omura, R e n t s .  L i b e r a l  A r t s  F a c . S h i z u k a  U n i v . ,
N a t . S c i . , No. 7 : 4 3  ( 1 9 5 5 ) .  Chem. Abs.  5 1 : 6 4 2 i .
1 34 .  J .  M. M a r t i n  a n d  W. I .  S t e p h e n ,  A n a l .  Chim. A c t a .  
3 9 : 1 7 5 - 8 0  ( 1 9 6 7 ) .
135* B. Audouze a nd  G. B o n o m e t t i , I n f o r m .  C h i m . , No. 107:  
2 2 3 -6  ( 1 9 7 2 ) .  Chem. Abs. 7 7 :6 9 7 4 3 b .
1 3 6 . F. B u r r i e l ,  J .  Ramirez-M unoz  a n d  M. L. Rexach-M. 
de L i z a r d u y ,  A n a l .  Chim. A c t a . 1 7 : 5 5 9 - 6 9  ( 1 9 5 7 ) .
1 37 .  W. M. Shaw, A n a l .  Chem. . 3 0 : 1 6 8 2 - 9  ( 1 9 5 8 ) .
1 3 8 .  D. C. C u l lu m  a n d  D. B. Thomas,  A n a l y s t ,  8 5 : 6 8 8 - 9  
( I960) .
139- L. I .  P l e s k a c h  a n d  G. D. C h i r k o v a ,  Z a v o d s k a y a  L a b . , 
3 7 : 1 6 8 - 7 0  ( 1 9 7 1 ) .
155
1 4 0 .  W. L.  C r i d e r ,  N. P.  B a r k l e y ,  M. J .  K n o t t ,  a n d  R. W. 
S l a t e r ,  J r . ,  A n a l .  Chim. A c t a .  4 7 : 2 3 7 - 4 1  ( 1 9 6 9 ) .
1 41 .  J .  R. Sand  a n d  C. 0 .  H u b e r ,  A n a l . C h e m . . 4 8 : 1 3 3 1 - 5  
( 1 9 7 6 ) .
1 42 .  R. Dunk, R. A. M o s ty n  a n d  H. C. H o a r e , A tomic  
A b s o r p t i o n  N e w l e t t e r . 8 : 7 9 - 8 1  ( 1 9 6 9 ) -
1 4 3 .  I .  P .  L i t t l e ,  R. R e e v e ,  G. M. P r o u d ,  a n d  A. L u lh am ,
J .  S c i .  Food A g r . . 2 0 : 6 7 3 - 6  ( 1 9 6 9 ) .  Chem. Abs.  72:  
5 0 6 8 l e .
1 44 .  R. W. L o o yeng a  a n d  C. 0 .  H u b e r ,  A n a l .  Chim. A c t a .  
5 5 = 1 79 -83  ( 1 9 7 1 ) .
145 .  C. I .  L i n  a n d  C. 0 .  H u b e r ,  A n a l .  C h e m . , 4 4 : 2 2 0 0 - 4  
( 1 9 7 2 ) .
1 4 6 .  V. A. N a z a r e n k o  a n d  M. B. S h u s t o v a ,  Z a v o d s k a y a  L a b . , 
2 4 : 1 3 4 4 - 6  ( 1 9 5 8 ) .  Chem. A bs .  5 4 :1 3 9 8 5 b .
l47*  J .  C. Guyon a n d  E .  J .  L o r a h ,  A n a l . C h e m . , 3 8 : 1 5 5  
( 1 9 6 6 ) .
1 4 8 .  L. H. Tan a n d  T. S .  W es t ,  A n a l y s t , 9 6 : 2 8 1 - 5  ( 1 9 7 1 ) .
1 49 .  A. S .  J o n e s  a n d  D. S .  L e th am ,  C h e m i s t r y  & I n d u s t r y ,
1 9 5 4 : 6 6 2 - 3 .
150 .  A. S.  J o n e s  a n d  D. S. L e th am ,  A n a l y s t , 8 1 : 1 5 - 1 8  
( 1 9 5 6 ) .
151* P* A. J o n e s  a n d  W. I .  S t e p h e n ,  A n a l .  Chim. A c t a .  
6 4 : 8 5 - 9 2  ( 1 9 7 3 ) .
1 5 2 .  D. T. B u r n s ,  J .  S.  Coy, W. P .  H a y e s ,  a n d  D. M. K e n t ,  
M i k r o c h i m i c a  A c t a  ( W i e n ) , 1 9 7 4 : 2 4 5 - 2 4 8 .
153* A. Ringbom, A c t a  Acad.  A b o e n s i s ,  M ath .  P h y s . . 8:
No. 5 ,  142 p p .  ( 1 9 3 ^ ) •  Chem. Abs.  2 9 : 3 2 6 1 .
1 5 4 .  N. G. C a s s i d y ,  A n a l y s t . 8 1 : 1 6 9 - 7 5  ( 1 9 5 6 ) .
155* E.  I .  V a i l ' ,  V. A. K rem er  a n d  A. P.  M i r n a y a ,  Zh.
A n a l .  Khim. . 1 5 0 6 9 - 7 0  ( i 9 6 0 ) .
1 5 6 . J .  W. R o s s ,  J r .  a n d  M. S .  F r a n t ,  A n a l .  C h e m . , 4 l : 
9 6 7 - 9  ( 1 9 6 9 ) .
157-  M. M a s c i n i ,  A n a l y s t . 9 8 : 3 2 5 - 8  ( 1 9 7 3 ) .
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1 58 .  N. I .  V o r o b ' e v ,  Z a v o d s k a y a  L a b . . 1 2 : 3 7 5 - 6  ( 1 9 4 6 ) .
Chem. Abs .  4 0 : 7 4 5 5 -
159- A. D. M i l l e r ,  Zh. A n a l .  K h i m . , 1 1 : 6 1 5 - 2 0  ( 1 9 5 6 ) .
160 .  G. A. R e c h n i t z ,  Z. F. L i n  a n d  S. B. Z a m o c h n ic k ,
A n a l .  L e t t e r s , 1 : 2 9 - 3 3  ( 1 9 6 7 ) -
16 1. R. J a s i n s k i  a n d  I .  T r a c h t e n b e r g ,  Ana l .  C h e m . , 4 4 :  
2 3 7 3 - 6  ( 1 9 7 2 ) .
162 .  R. J a s i n s k i  a n d  I .  T r a c h t e n b e r g ,  A n a l .  C h e m . , 4 5 :  
1 2 7 7 - 9  ( 1 9 7 3 ) .
1 6 3 . C o m m e rc ia l  l i t e r a t u r e  a v a i l a b l e  t h r o u g h :  C h e m t r i x ,  
I n c . ,  135 N. W. Adams, H i l l s b o r o ,  O regon  9 7 1 2 3 ;  and  
S e n s o r e x ,  B e n t l e y  L a b o r a t o r i e s ,  I n c . ,  17502 
A r m s t r o n g  A v e n u e ,  I r v i n e ,  C a l i f o r n i a  92705-
164 .  I .  M. K o l t h o f f  a n d  T. Kameda, I n d .  Eng .  C h e m . ,
A n a l .  E d . , 3 = 1 2 9 -3 3  ( 1 9 3 1 ) -
16 5 . A. I .  R y b n ik o v a  a n d  L. N. B a l ' z a m o v a ,  Z a v o d s k a y a  
L a b . . 1 1 : 1 6 0 - 3  ( 1 9 4 5 ) .  Chem. Abs .  4 0 : l 4 2 6 .
1 6 6 .  J .  W. P o l s k y , A n a l .  C h e m . , 1 9 : 6 5 7 - 6 0  ( 1 9 4 7 ) -
1 6 7 . J .  K. J o h a n n e s s o n ,  New Z e a l a n d  J .  S c i . , 1 : 4 2 3 - 4
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